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SECTION I. INTRODUCTION 
Diffusion plays an important role in solid state processes 
such as chemical reaction, sintering, ionic conductivity, 
phase transformation, nucleation and grain growth, oxidation 
reduction and creep. These processes require atomic movement, 
and for that reason their rates are often controlled by dif­
fusion. Therefore, to understand the kinetics of these pro­
cesses, and, perhaps to exert some control on these processes, 
considerable research has been done on solid state diffusion, 
primarily in metals, metal oxides and halides. 
Diffusion studies can also be a very useful means of 
investigating the nature of defects in solids. By studying 
those diffusion processes which take place by point defect 
motion, it is sometimes possible to infer the type of lattice 
defect involved, the defect concentration, the defect mobility 
and perhaps defect interactions. Line defects such as dis­
locations and planar defects such as grain boundaries act 
as alternative paths for diffusion and their nature can also 
be studied by diffusion. 
Ceramic materials with the fluorite structure constitute 
an important class of materials which includes the alkaline 
earth fluorides and such important oxides as UOg, PuOg, and 
ThO_ as well as the "stabilized" forms of ZrOu and HfO_. 
2 
Many compounds with the fluorite structure are known to be 
capable of accommodating a large excess of anions. For 
example, the fluorides of calcium, strontium and barium form 
solid solutions with all the rare-earth trifluorides (1). 
The binary hyper stoichiometric fluorides and 
EuFg^^ (2) and the oxides U02^^ and Pu02^^ also adopt the 
same structure. Cheetham, et (3) studied neutron dif­
fraction and diffuse scattering in CaF2-YF2 solid solutions 
and proposed this material as a structural model for the 
whole class of ionic, anion-excess fluorite compounds. The 
ready availability of large single crystals of pure and 
rare-earth doped CaFg, as well as the low melting temperatures 
of fluorides constitute their main attraction as a diffusion 
model system. 
The present study is an investigation of the self-
diffusion of Ca and Y in pure and YF^-doped CaFg single 
crystals. The goals of this study were twofold. First, to 
investigate the composition dependence of the self-diffusion 
coefficients and thereby to infer the defect(s) responsible 
for cation migration. Second, to investigate the temperature 
dependence of the process over the composition range studied. 
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SECTION II. LITERATURE SURVEY 
Fluorite Structure 
Large crystals of CaFg are found in nature. This mineral 
is called fluorite and it lends its name to a major class of 
ceramic materials that possess the same crystal structure. 
Among materials in this class are the alkaline earth fluorides 
and many pure oxides including the important nuclear materials 
UO2/ PuOg and ThOg. When solid solution additions are made 
to Zr02 and HfOg to stabilize them with respect to poly­
morphism, the resulting materials possess an anion-deficient 
fluorite structure. The c-type rare-earth sesguioxide struc­
ture may be thought of as a derivative of the fundamental 
fluorite structure with ordered defects on the anion sub-
lattice (4). Fluorite materials are unusual among ceramics 
because diffusion of anions is far more rapid than that of 
cations. These materials can be anion solid electrolytes 
over wide non-metal partial pressure ranges (5,6,7). Matzke (4) 
suggested that pure CaFg could be a good model for UO2 and 
Th02 on the basis of similarity in structure and lattice 
parameters. Similar arguments could be applied to the struc­
tural relationship between doped CaFg and the stabilized 
forms of ZrOg and HfOg or hyperstoichiometric actinide 
dioxides. 
4 
The fluorite structure Fm3m (8) consists of a simple 
cubic arrangement of anions interpenetrating a face-centered 
cubic arrangement of cations. The unit cell is shown in 
Figure 1. Many ionic structures may be thought of as being 
based on an array of nearly close-packed anions; the fluorite 
structure is unusual in this regard because of the large 
eight-fold coordinated voids at the body-center position. 
A second convenient way to describe the fluorite structure 
(Figure 2) is that the anions form a simple cubic array with 
cations sitting in interstitial positions. However, only 
half of the available eight-fold coordinated sites are 
occupied by cations. 
Defect Structures in Fluorite Materials 
A good deal is known about point defects in CaF2, in 
pure materials and also in the presence of aliovalent cations 
and anions (9-13). The presence of anion interstitials in 
rare-earth-doped CaF2 has been firmly established (12) , and 
it seems very probable that they play an important role in 
undoped materials as well. In the simple model, the trivalent 
rare-earth cations substitute for the alkaline-earth cations, 
and the excess fluorine ions go into interstitial sites. 
Short and Roy (14) measured the pycnometric densities 
of YFg-doped CaFg single crystals in order to determine the 
cations 
anions 
Figure 1. Fluorite structure - anions occupy a simple cubic 
sublattice. Cations occupy a face-centered cubic 
sublattice. 
6 
O F" 
• Co 2 + 
Figure 2. Fluorite Structure. The simple cubic structure of 
the anion sublattice. 
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predominant types of defect present in this system (Figure 3, 
Reference 15). They compared the measured pycnometric 
densities with densities calculated on the basis of measured 
lattice parameters and two defect structure models. One model 
assumed creation of one normal cation vacancy for each two 
2+ 3+ Ca ions replaced by Y . The other model assumed creation 
_ 2+ 2+ 
of one F interstitial for each Y substituting for Ca 
X-ray diffraction showed only fluorite phase up to 55 mole% 
YFg and a second phase at 60 mole% YF^. The lattice parameter, 
a^, of the fluorite phase was found to increase linearly with 
addition of YF^ up to 40 mole% according to 
a^ = 5.463 + 0.0018 Py, A° (1) 
where Py is mole% YF^. The resulting theoretical densities 
for the fluorine interstitial model and the cation vacancy 
model are shown in Figure 4. Experimentally determined 
pycnometric densities are also shown in Figure 4 and confirm 
the fluorine interstitial model for incorporation of YF^ into 
CaFg. 
There is a theoretical basis (16,17) and considerable 
indirect experimental evidence (described below) to substan­
tiate that the principal type of defect in pure CaFg is of 
the anti-Frenkel (anion Frenkel) type. In studying cation 
diffusion it will presumably be the concentration of cation 
CaF2-YF3 
1394° Liq. + CaF2 ss 
1200 — CoFg ss 
1000 
800 — 
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Liq. + YF, 
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Figure 3. System CaFg-YF^, tentative (Reference 15) 
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Measured pycnometric densities (A) and theoretical 
x-ray densities (0) of CaF2-YF3 crystalline solu­
tions as a function of YF3 content; O measurement 
of Zintl and Udgard; pycnometric densities of 
Harshaw single crystals. Figure reproduced from 
Reference 14. 
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vacancies that will strongly influence the migration rate. 
Writing equilibria for Schottky and anti-Frenkel defects in 
pure CaFg, 
Crystal t + 2Vp (2a) 
Fp Z Vp + F.' (2b) 
The equilibrium constants for the two reactions can be written 
(3a) 
KaF = [Fi'][Vp] (3b) 
Solving Equations (3) simultaneously results in an expression 
for the concentration of Ca vacancies 
'I#';? 
Equation (4) shows that increasing the concentration of 
fluorine interstitials will increase the concentration of 
calcium vacancies. Likewise, increasing the concentration of 
fluorine vacancies will decrease the concentration of calcium 
vacancies. Thus, any doping reactions which influence the 
concentration of anion defects will also cause a change in 
the calcium-ion vacancy concentration through Equation (4) and 
thus should influence cation diffusion rates. Examples of 
possible doping reaction that generate anion defects in 
CaFg are. 
11 
NaF = Na Ca + F F + V. F (5) 
YF3 = + 2Fj. + P. ( 6 )  
From Equations (5) and (6) along with Equation (4), it can be 
expected that doping CaFg with NaF will decrease [V^^] and 
thus decrease the calcium diffusion coefficient, whereas 
doping CaFg with YF^ will increase [V^^] and thus increase 
the calcium diffusion coefficient. 
This rather simple picture of effect of dopants on the 
defect structure of CaFg as interpreted from Equations (2) 
through (6) must be tempered by several other considerations. 
In two analogous systems, Cheetham, et a2. (3) in YF^ doped 
CaFg and Willis (18,19) in hyperstoichiometric UO2 (to be 
discussed in detail in results and discussion section), using 
neutron diffraction showed that addition of anion intersti-
tials displaces other anions on surrounding sites and results 
in a complicated cluster of four anion interstitials (of two 
types) plus two anion vacancies. Equations (5) and (6) are 
deceptive oversimplifications of the actual defect structure 
formed by doping. It is also to be expected that, at least 
at high dopant levels (which is the case in the present 
investigation) and especially at lower temperatures, impurity-
vacancy and impurity-interstitial clustering will probably 
occur. Such association could appreciably reduce the 
12 
effective concentration of cation vacancies introduced by 
doping as far as their influence on the diffusion process is 
concerned. 
Several workers have attempted to characterize the defect 
structure of CaFg doped with rare-earth ions. In the simple 
model (Equation (6)), the trivalent rare-earth cation sub­
stitute for the alkaline-earth cations and the excess fluorine 
ions go into interstitial sites. At high temperature these 
defects are assumed to be unassociated. Paramagnetic 
resonance experiments of Friedman and Low (20) on CaF2:GdF2 
suggest that rapid cooling can at least partially quench in 
this state. At low temperatures, it is suggested that the 
aliovalent cations and interstitial fluorine ions associate 
in pairs and they observed an increase in the pair signal in 
Gd^^EPR spectrum upon slowly cooling the crystal from elevated 
temperatures. However, more detailed studies have revealed 
very anomalous behavior. The proportion of anion intersti-
tials paired to trivalent cations is expected to increase 
with increasing rare-earth concentration, but the optical 
studies of Makovsky (21,22) showed that the opposite occurred 
in CaF2:GdF2. At concentrations of about 2 mole% the pair 
spectrum is not observable, but the unpaired spectrum is seen. 
Loh (23) has shown that an apparent decrease in the intensity 
of absorption spectra from Ce^^ and Pr^^ ions assumed to be 
paired with F interstitials occurs as the concentration of 
13 
dopant increased above about 0.1 mole%. This decrease 
was attributed to the loss of simple pairs through the 
formation of clusters of trivalent cations with their 
interstitial fluorine ions. 
A. D. Franklin (24) extensively reviewed the literature 
of defect equilibria in alkaline earth fluorides containing 
rare-earth ions and also did some experimental work to study 
these equilibria. He summarized his results by saying that 
CaFg doped with trivalent ions contained a mixture of point 
defect species whose interactions at temperatures below 1100°C 
and perhaps at higher temperatures were very poorly under­
stood. He also concluded that, in addition to isolated Gd^"*" 
ions giving cubic EPR spectra and to pairs formed of Gd^^ 
ions with apparently single F interstitials giving tetragonal 
spectra, there was at least one other complex species present 
which appeared most likely to be a cluster of F interstitials 
of some sort. HF molecules could have been present as well 
and might have been playing a role in these clusters. 
Friedman and Low (20) showed that interconversion of the 
cubic and tetragonal centers in crystals containing from 
0.001 to 0.01 mole% GdF^ could be brought about by heat 
treatment, provided that water and oxygen are scrupuously 
eliminated from the atmosphere. Annealing for 18 hours at 
1200°C put almost all Gd^^ ions into isolated cubic sites. 
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If the crystals were rapidly cooled (one or two hours), 
the ratio of tetragonal to cubic sites was approximately 1:30, 
but if they were slowly cooled (100°C/hr), the ratio was 
greater than 50:1. The annealing time at 1200°C was important. 
If a slowly cooled crystal was returned to 1200°C for 2 to 
4 hours and then rapidly cooled, the cubic sites were formed 
at the expense of tetragonal sites and the ratio dropped 
from 50:1 to only 1:1. 
The interpretation of the defect-controlled properties 
of CaF2 has long been hindered by the presence of oxygen in 
the crystals used. According to Stockbarger (25), the 
hydrolysis of CaFg proceeds at an appreciable rate even at 
very low temperatures, though the works of Bontinck (26) 
and Muto and Awazu (27) indicate direct reaction with oxygen 
to be much slower. 
Stephanov and Feofilov (28) noted that the oxidation-
reduction conditions under which crystals are grown determine 
which of two types of optical absorption and emission 
spectra are exhibited by CaFg crystals doped with rare earths, 
2-
and suggested that could be charge compensated by 0 
occupying a nearest neighbor anion site (0*). The symmetry 
r 
of the crystal field at the rare-earth ion would then be 
trigonal, and centers with this symmetry have been observed 
by Feofilov (29) in luminescent spectra and by Sierro (30) in 
15 
EPR. Sierro (30) observed two trigonal centers during 
hydrolysis of CaFg containing Gd^^, attributing one (which 
appeared and disappeared during the course of reaction) to 
OH ions on anion sites adjacent to the Gd^"*" ions, and the 
2-
other (which developed later but persisted) to 0 (0'^). If 
O^ ions occupy anion sites in otherwise pure crystals, they 
are expected to give rise to anion vacancies. This model has 
been confirmed by Champion (31) and Johnson, et (32) by 
observing strong enhancement of low temperature electrical 
conductivity in oxygen doped CaFg. 
Charge compensation for ions can also be provided 
by alkali ions substituting for calcium ions, as suggested 
by Bleaney (33). Kirton and McLaughlan (34) and McLaughlan (35) 
have observed EPR centers with orthorhombic symmetry in CaFg 
containing Yb^"*" and Li^, Na^ or and also Ce^"*", Nd^"*" or 
Dy^"*" with Na^. They attributed these centers to ions 
with alkali ions at nearest neighbor cation sites-
The widely accepted model that emerged from all these 
2-
studies for rare-earth and 0 doped CaFg crystals puts rare-
earth and alkali ions on cation sites and 0 ~ ions on anion 
sites. Charge balance is then completed by fluorine inter-
stitials (F. ') and fluorine vacancies (V„). With somewhat X r 
puzzling exception of the few experiments suggesting some 
role of cation vacancies in charge compensation, the model 
16 
is quite consistent in the works reviewed above. However, 
this simple model fails to stand valid if one tries to deal 
with the quantitative aspects of the dependence of various 
defect concentrations upon the temperature and the impurity 
content of the crystal. Osiko (36) has provided a detailed 
statistical mechanical analysis of the distribution of ' 
interstitial ions between sites adjacent to and far from 
with an energy difference of -AE between them. In addition, 
he included several complexes involving several ions 
anf ' interstitials in each center. These clusters had 
a minor influence on the predicted distribution of F^' except 
at higher impurity concentrations. The results were not very 
different from a simple mass action law (37). As a function 
of decreasing temperature, at constant composition, the 
concentration of associated RE -F.' pairs (tetragonal centers) 
should increase relative to the unassociated species (cubic 
centers) although the absolute concentration of simple pairs 
might pass through a maximum as more complicated complexes 
become important at low temperature. At constant temperature 
both the absolute concentration of simple pairs and their 
concentration relative to the unassociated species should 
increase monotonically as the total RE* content increases. 
Sierro and Lacroix (38) have observed that in natural 
CaFg crystals containing Gd^^ ions (Gd^^), the ratio of 
tetragonal to cubic sites was about 2:3. After 4 hours of 
annealing at 1000°C, the ratio shifted to 9:1. 
17 
Oxygen-free crystals of CaFg containing small amounts 
of (10 to 2 mole%) exhibit not only the two common 
impurity centers discussed above and observed in EPR and 
optical studies, but at least four less well-established 
centers observed in optical experiments (21,22,39). These 
less well-established centers are thought to include Gd^,^-F^' 
pairs with the fluorine interstitial ions in second (F-sites) 
and third (s-sites) neighbor positions with respect to the 
Gd^"*" ions, and two clusters suggested to arise from two Gd^"*" 
ions replacing three Ca^^ ions (2Gd* + V" ). (Jâ. L>3. 
Diffusion in Alkaline-earth Fluoride Materials 
Cation self-diffusion 
Numerous diffusion studies have been done in CaFg and 
related fluorite structure materials. Matzke and Lindner (10) 
studied the tracer self-diffusion of calcium in pure CaFg 
single crystals using ^^Ca. The results of their study can 
2 be summarized by = 130 exp (-3.75 ev/kT) cm /sec from 
800° to 1250°C. Berard (9) studied the self-diffusion of 
calcium in pure CaFg single crystals. He summarized his 
results by. 
Dca = 5.35 X 10 exp -4.15 ± 0.17 ev kT cm /sec 
18 
from 987° to 1246*C. Using cation-vacancy migration as the 
probable diffusion mechanism, he calculated a cation vacancy 
migration enthalpy hm = 1.75 eV. He explained the order of 
magnitude of the frequency factor on the basis of lattice 
strains introduced by formation and movement of mobile defects. 
However, he did not rule out the diffusion of cation-anion 
vacancy pairs as a possible mechanism. King and Moreman (12) 
studied the self-diffusion of ^^Ca in CaFg single crystals 
and found that in pure CaFg between 800° and 1300°C, 
2 
cm /sec = 4.8 X 10^ exp -5.160 ev] __kT j 
Baker and Taylor (11) summarized results of their study of 
45, Ca self-diffusion in CaFg as. 
= 8.62 X 10^ exp -4.11 eV 2 cm /sec kT 
Short and Roy (40) studied the self-diffusion of calcium in 
polycrystalline CaFg. Their results between 700° and 1100°C 
are summarized by. 
= 1 X 10 ^ exp -1.7 eV 2 , cm /sec. kT 
The big difference between activation energy value for Short 
and Roy (40) compared to other studies described above, is 
mainly attributed to polycrystalline CaFg used by Short and 
Roy against single crystal CaFg used in other studies. The 
results of the above studies are summarized in Table 1. 
19 
45 Table 1. Summary of Ca self-diffusion studies in CaF2 
2 
, cm /sec Q, eV Reference 
5'35 X 10^ 4" 15 
o
 
+1 
17 Berard (9) 
1*3 X 10^ 3-75 Matzke and Lindner (10) 
8-62 X 10^ 4-11 ± 0-25 Baker and Taylor (11) 
4-8 X 10^ 5-16 King and Moreman (12) 
1 X 10-4 1-7 Short and Roy (40) 
Baker (41) studied tracer self-diffusion of ^^Ca, ^ ^^Ba, 
89 
and Sr in pure CaFg, BaF2 and SrF2 single crystals with 
the results summarized in Table 2. These studies were con­
ducted between 1000° and 1200°C. He concluded that diffusion 
is probably due to some Schottky disorder in this range. He 
attributed large values of Q and to excess impurity-induced 
anion vacancies and/or to cation diffusion by means of 
associated vacancy pairs. 
Matzke (13) measured calcium and fluorine self-diffusion 
in Sm^^-doped CaF2 single crystals and found that doping 
with Sm^"*" increases both anion and cation self-diffusion. He 
concluded that the probable mechanism for cation self-
diffusion was vacancy migration at temperatures around 1000°C. 
The migration energy for this process was estimated to be 
1*5 ± 0*6 eV compared to 1 »7 eV estimated by Berard (9). 
Table 2. Summary of ^^Ca, ^^Sr and ^^^Ba self-diffusion results in CaF., SrFg and 
BaFg (from reference 41) 
Isotope Cap, SrF2 BaFg 
«Ca D=8' 62xl0^exp( -4'11\ kT ' D=3' OSxlO^exp( 
—4'68. 
kT ' 
D=2 •30xl0^exp( -3'72. kT ' 
89sr D=l' 72xl0^exp( -4'37. kT ' D=l' 09xl0^exp( 
-4'30. 
kT ' 
D=4 •45xl0^exp( -3-75. kT ' 
l"Ba D=4' 49xl0^exp( -5'20. kT ' D=l' 38xl0®exp( 
-5'40. 
kT ' 
D=1 •90xl0^exp( -4*64. kT ' 
Uncertainities: 
Activation Energy ± 0*25 eV 
D q  ±80 %  
21 
45 King and Moreman (12) measured the diffusion of Ca 
in single crystals of CaFg + 0*34 mole% YF^. The effect 
of YF^ was to increase the at temperatures below 950°C, but 
the magnitude of the increase was much smaller than expected 
for a vacancy mechanism unless a binding energy between Y^"*" 
ions and cation vacancies of > 0.6 eV was assumed. It was 
shown that the results may correspond to diffusion via cation-
anion vacancy pairs at all temperatures investigated. 
45 Short and Roy (40) studied the self-diffusion of Ca 
in polycrystalline YF^-CaFg solid solutions. They found 
-12 2 that at 900°C, increased from 8-3 x 10 cm /sec in pure 
CaFg to 1*8 X 10 cm^/sec in 20%YF2-80%CaF2 solid solution. 
~11 2 At 1100°C, increased from 8-6 x 10 cm /sec for pure L.& 
CaFg to 1*9 X 10 cm^/sec for 20%YF2-80%CaF2 solid solution 
-9 2 
and to 1*6 x 10 cm /sec for 40%YF2-60%CaF2 solid solution. 
Visser, Schiavi and Berard (42) studied interdiffusion 
in the CaFg-YF^ system. They conducted an electron micro-
probe interdiffusion study in single crystals between 1200°C 
to 1331°C over the solid solution compositional range 0 to 20 
mole% YF^ in CaF2. They found that the value of the 
interdiffusion coefficient, D, increased approximately 
exponentially with YF^ content at a fixed temperature. They 
found that the temperature dependence of D decreased with 
increasing YF^ content. By taking account of the defect 
22 
formation mechanism at infinite dilution, they estimated 
the impurity diffusion coefficient of Y in essentially 
pure CaFg by extrapolating D to 0%YF2. 
Scheidecker and Berard (43) studied interdiffusion in 
the system CaF2-SrF2. They determined the interdiffusion 
coefficient in single crystal (CafSrjFg solid solutions in 
the temperature range 1100° to 1320°C. They found that the 
composition dependence of the diffusion coefficient passes 
through a maximum and the maximum shifts towards higher CaFg 
concentration at higher temperatures. They calculated the 
impurity diffusion coefficients by extrapolating D to extremes 
of composition and the results obtained agreed well with 
tracer results. The changes in activation energy with 
composition, they say, can be explained readily on the basis 
of cationic radii and lattice parameters. 
Scheidecker and Berard (44) also studied interdiffusion 
in the SrFg-BaFg system in the temperature range 1033° to 
1238°C. The interdiffusion coefficient D, decreased with 
increasing SrFg concentration but the composition dependence 
of D decreased with decreasing temperature. The impurity 
self-diffusion coefficient calculated by extrapolation to 
0% SrFg agreed excellently with tracer self-diffusion 
coefficient for Dg^ in BaFg experimentally determined by 
Baker (41). 
23 
Wagner and Mascarenhas (45) studied the electric dipolar 
reorientation of defect complexes in CaFg doped with rare-
earths cerium, praesodymium, samarium, europium and terbium 
using an ionic-thermo current (ITC) method. The reorienta-
tional energies of the RE^^-F\ ' complex were found to 
increase with increasing ionic radii of the rare-earth ions, 
increasing more rapidly for the larger ions. All energies 
were much less than activation energy (1*04 eV) of the 
mobility of free F^'. The pre-exponential factors were 
larger than the normal vibrational frequencies in the CaFg 
lattice and perhaps reflected the tight binding nature of the 
complex. 
In a related material, 002, uranium diffusion measure­
ments in polycrystalline specimens have been made by several 
workers at temperatures from 1400°C to 2150°C (46,47), The 
activation energy varied from 1*82 eV to 4*56 eV. Lidiard 
(48) has shown that such a big variation could be due to 
non-stoichiometry effects in UOg+x. Matzke (49) studied 
uranium diffusion in stoichiometric and hyperstoichiometric 
UO2 (i.e., U02^^) in the temperature range 1400° to 2200*C. 
He indicated a vacancy mechanism with diffusion rates 
2 increasing roughly proportional to x . In U02_^ a decrease 
in diffusion rate with x was found for small values of x, 
until a minimum was reached. On further reduction of UO2, 
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the diffusion rates were found to increase again. This kind 
of behavior was said to indicate the presence of some metal 
ion interstitials and most probably due to dominance of 
interstitialcy mechanism of diffusion. 
Schmitz and Marajofsky (50) studied plutonium self-
diffusion in (U^_yPUy)at 1510°C for Pu content varying 
from 0 to 30 mole%. They found that the diffusion coefficient 
is not a simple function of deviation from stoichiometry, 
but that the ratio x/y also plays an important role. In 
order to explain their results, they postulated the existence 
of a complex structural defect consisting of a molecule 
and an oxygen vacancy stabilized by a covalent type bond. 
For cation diffusion, they proposed an interstitial or ring 
mechanism resulting in a transportation of U and Pu atoms. 
The mechanism implied that two Pu atoms always remained in 
closest proximity to an oxygen vacancy and that the migration 
of U took place in a direction opposite to that of Pu. 
Anion self-diffusion 
Direct studies of anion self-diffusion in the fluorite 
structure are very rare due to the very short half lives of 
fluorine and oxygen radio isotopes. Matzke (13) studied 
fluorine self-diffusion in CaFg and BaFg single crystals 
between 350° and 940°C. He found that anion defects, both 
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vacancies and interstitials, are much more mobile than cation 
defects. His results were in close agreement with values 
predicted from previous ionic conductivity measurements and 
thus proved the applicability of the Nerst-Einstein relation. 
The activation energy for intrinsic anion diffusion was 
found to be 1*6 eV for BaFg and 2*0 eV for CaFg. He observed 
extrinsic anion diffusion behavior in CaFg below 700°C for 
which the activation energy was found to be 0*9 eV. The 
enthalpy of formation for anti-Frenkel defects was estimated 
to be in the range of 2-2 to 3*1 eV. 
Ure (51) studied ionic conductivity in the CaFg-YF^ 
system. He concluded on the basis of transference number 
measurements that the predominant defect in undoped CaFg 
crystals is of anti-Frenkel type involving equal concentra­
tions of anion vacancies and interstitials. The mobilities 
of fluorine vacancies (V*) and fluorine interstitials (F.') 
r X 
were determined by measuring the electrical conductivity of 
crystals doped with NaF and YF^. The activation energy for 
mobility of the vacancies was found to vary from 0*87 ± * 07 eV 
at 200°C to 0'52 ± -04 eV at 600°C. 
Bollmann, et (52) studied the ionic conductivity of 
pure as well as NaF- and YF^-doped CaFg and SrF2 crystals 
between room temperature and 900°C. They measured the optical 
absorption of the crystals before and after X-ray irradiation. 
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The results were in accordance with predominance of anti-
Frenkel disorder. A few other similar optical studies 
indicated that the rare-earth ions occupy sites on the cation 
sublattice. Cation defects controlled the motion of these 
dopants and so affected the dopant homogeneity which can 
influence some of the properties of the crystal. 
Barsis and Taylor (53) confirmed the presence of the 
anti-Frenkel defect in undoped CaFg, SrFg, BaFg and probably 
in SrCl2 through ionic conductivity measurements. These 
measurements have led to a good understanding of the defect 
properties of the anion sublattice. In their results of the 
conductivity measurements, they assumed that defect motion 
on the cation sublattice makes a negligible contribution to 
the measured conductivity. This assumption was confirmed 
for CaFg and more quantitatively over a limited temperature 
for SrClg. At temperatures close to the melting point of 
CaFg and SrClg, ionic conductivity measurements showed 
anomalous increases. The increase may be accounted for as 
being due to the onset of Schottky disorder predominance at 
high temperatures. 
The anomalous increase in ionic conductivity just below 
the melting point could also be attributed to a Lambda 
disordering transition. Based on high-temperature calori-
metric heat content measurements on simple fluorite and 
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anti-fluorite materials, Bredig (54) postulated that B ions 
in AB^ type compounds have high tolerence for extreme degrees 
of disorder resulting from a cooperative type of process, 
which he said to be a characteristic feature of the special 
geometry of fluorite and anti-fluorite types of structures. 
He further postulated that the cooperative phenomenon of B 
ion disordering is complete; i.e., far beyond the formation 
of merely a limited number of non-interactive Frenkel defects. 
Fielder (55) studied ionic conductivity in pure single 
crystal calcium and strontium fluorides and concluded that 
the primary mechanism consists of formation and migration of 
fluorine ion vacancies. For the intrinsic region, fluorine 
ion vacancies in CaFg and SrFg are formed thermally with a 
formation energy of 2*6 and 2«2 eV respectively for the 
anti-Frenkel pairs. For the extrinsic region, the fluorine 
vacancies are formed as a result of monovalent cation 
impurities. The enthalpy of migration values for anion 
vacancies were found to be 0*72 and 0*75 eV respectively, 
for CaFg and SrFg. 
Van der Voort (56) simulated the configuration of point 
defects by a computer program. He used a generalized Born 
potential to calculate the total potential energy of some 
configurations. He devised a working method for calculating 
the migration energies of these point defects by minimizing 
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the potential energy and thus relaxing the perturbed crystal. 
In fluorite lattices he concluded that anion vacancies 
migrate only over <100> paths with an activation energy of 
0.221, 1.976 and 1.425 eV respectively for CaFg, UO2 and 
cubic ZrO^. 
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SECTION III. THEORETICAL CONSIDERATIONS 
Diffusion 
Diffusion in a solid occurs through the thermally 
activated motion of the atoms in the solid matrix. If 
potential gradients are imposed across the solid, material 
fluxes will occur in order to reduce the gradients. The 
gradients may be chemical, electrical or thermal in nature. 
Diffusional fluxes can occur in all directions, but discussion 
will here be restricted to the one-dimensional case. 
Pick (57) phenomenologically described the diffusion 
process in a single phase, electrical flux free, isothermic, 
isobaric system, in the relation referred to as Pick's first 
law: 
I# 
where Ji is the local flux of a diffusing specie i. Ci is 
the local concentration of that specie in particles per unit 
volume, X is the spatial coordinate in the direction of 
diffusion and Di is a proportionality constant called the 
diffusion coefficient, which represents the rate of movement 
of specie i per unit area at unit concentration gradient. 
The negative sign signifies that movement takes place from 
the region of higher species concentration to the region of 
lower species concentration. 
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Pick's first law can conveniently be used to evaluate 
diffusion coefficients only if the concentration gradient 
is constant throughout the system. Since such a condition 
is often experimentally difficult to establish in a solid, 
a modified form is used which takes into consideration the 
change of local concentration with time. This is called 
Pick's second law and is given by, 
# = k <8) 
If it is assumed that Di is independent of concentration 
and therefore of position. Equation (8) becomes, 
|£i = Di ^  (9) 
3x2 
which can be solved if proper initial and boundary conditions 
are applied. The assumption in Equation (9) that the dif­
fusion coefficient is concentration independent is usually 
not valid. However, in the present case of tracer self-
diffusion, where no variation in chemical concentration occurs 
within the system, the assumption of the invariance of D 
throughout the system is acceptable and thus Equation (9) 
can be used to describe the diffusion process. 
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Tracer Self-Diffusion 
The use of radioactive tracers is a common means of 
studying diffusion. This method allows the study of self-
diffusion, i.e., diffusion of crystal components in chemically 
homogeneous materials. The most common experimental method 
involves the deposition of a very thin film containing a 
radioactive isotope on a surface of the substance. After 
a subsequent heat treatment called the diffusion anneal, the 
activity of the diffusing isotope as a function of distance 
from the original surface is determined. Assuming that the 
solid is semi-infinite, i.e., actual length of solid is 
several times diffusional length, /Dt, and that diffusion is 
one-dimensional and normal to the surface, the following 
conditions can be used to describe the problem: 
C ->• 0 at X > 0 and t = 0 
C ^  at X = 0 and t = 0 
where C is the concentration of the radioactive tracer. 
Furthermore, the total quantity of the radioisotope in the 
solid is finite and equal to a, giving rise to the condition 
CO 
C (x, t) dx = a (10) 
The appropriate solution to Equation (9) is then 
(^Dt) (11) 
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where D is the self-diffusion coefficient of the tracer. 
2 Equation (11) shows that a plot of InC versus x is a straight 
line and the slope of this line will be -l/4D*t, (Figure 5), 
where t is the time of the diffusion anneal. 
Atomic Theory of Diffusion 
Diffusion in a crystalline solid involves movement or 
jumps of atoms or defects between definite sites in the 
crystal structure. Individual jumps are possible in all 
directions allowed by the structure and in many cases, 
consecutive jumps follow no particular directional sequence. 
Statistical methods, therefore, may be applied in order to 
calculate the mean distance a diffusing atom has moved after 
a certain large number of jumps. By means of Pick's law, 
such calculations can lead to a fundamental interpretation 
of the diffusion coefficient in terms of atomic jumps. 
Shewmon (58,p.47) has given a exhaustive mathematical 
treatment of the problem. Describing the process as a three-
dimensional random walk in which individual jumps are not 
correlated with one another, identifies the diffusion 
coefficient as being given by 
D = I ra^ (12) 
where F is the total jump frequency of a diffusing atom and 
a is the diffusion jump distance. The equation applies to 
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Figure 5. Graphical representation of a diffusion pénétra-. 
tion plot showing relationship between inc and x . 
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the simple case in which all jumps are of the same length, 
and all adjacent sites have an equal probability of being 
available to the jumping atom. The total jump frequency 
can be expressed as 
r = kw (13) 
where k is the number of specific adjacent equivalent sites 
in the structure and w is the jump frequency into a specific 
adjacent site. Thus for a cubic structure. Equation (12) 
becomes, 
D = (14) 
where y is a geometrical constant and a^ is the lattice 
parameter. The frequency of jumping into a specific adja­
cent site, w, can be expressed as 
w = WaPv (15) 
where Wa is the frequency at which the jumping atoms acquire 
sufficient energy to overcome any barrier to a complete jump, 
and Pv is the probability that the adjacent site approached 
is unoccupied. Applying Boltzman statistics, Wa can be 
expressed by 
Via. = V exp (-^^) (16) 
where v is the fundamental oscillation frequency for cations 
towards a specific site, AGm is the change in free energy 
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associated with one mole of jumping species in the saddle 
point configuration, R is the gas constant, and T is the 
absolute temperature. By combining the last three equations, 
D is given by 
D = ya^^vPv exp ( (17) 
If diffusion is occurring through a vacancy mechanism, then 
Pv = [V]g (18) 
where [V]g is the fraction of sites for the appropriate 
species which are vacant. Therefore, for cation self-
diffusion by a vacancy mechanism. 
This equation shows that D is directly related to the con­
centration of cation vacancies. 
In the case of tracer self-diffusion by a vacancy 
mechanism, the directions of subsequent jumps of the tracer 
are correlated rather than random (58,p.101), so that a 
correlation coefficient f must be introduced. 
D* = fD (20) 
* 
where D is tracer self-diffusion coefficient and D is the 
"true" self-diffusion coefficient calculated from random walk 
considerations. The magnitude of f depends upon the structure 
type and the jump mechanism. The value of f for a vacancy 
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jump mechanism in a FCC structure is 0.781 (59). Hence, for 
an FCC lattice (such as the cation sublattice in a fluorite 
structure material). Equation (19) can be given as 
D* = exp (21) 
2 If the temperature is constant, the factor [O.VSlya^ v 
exp (-AGm/RT)] becomes constant, and Equation (21) can be 
expressed as 
D* = (constant)[Vcation^s 
The probability of finding an adjacent site vacant, t^^ation^s 
can be evaluated on the basis of the defect structure. 
Equations (19) through (22) can be rewritten in the form 
D* = exp (^) exp (23) 
where ASm and AHm are the entropy and enthalpy of one mole 
of jumping species at the saddle point and are frequently 
referred to as entropy and enthalpy of motion. 
Relationship between Interdiffusion 
and Self-Diffusion Coefficients 
Cooper and Heasley (60) have shown that the interdif­
fusion coefficient, D, in a binary ionic system with two 
different cations and a common anion can be represented by 
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D = ^2^23^1 ^1^13^2 ^^3^3 ^1°1^ 
^1^3^13°3 " ^ 1 ^ 13^1 "*" ^2^3^23°3 ~ ^2 ^ 23°2 
d2ny 
1 + 23 
dJlnN 23 
(24) 
where Z represents valence, N represents mole fraction, 
D represents self-diffusion coefficient and y represents 
activity coefficient; subscript 1 and 2 denote the two 
cations and subscript 3 denotes the anion. For the system 
under consideration 
(25) ^1 = ^Ca = +2 
=2 = Zy = +3 
Z3 = Zp = -1 
( 2 6 )  
(27) 
For this system, it is known (9,10,13) that D^^<<Dp and by 
analogy, it is expected that Dy<<Dp, so that at = 0, 
Equation (24) simplifies to 
d£nyyp 
^(^YFg =0^(1+ ^ (28)  
where is now self-diffusion coefficient of Y in essentially 
pure CaFg (i.e., the impurity self-diffusion coefficient for 
yttrium). Whitney and Stubican (61) have shown how to 
estimate the activity coefficient term in Equation (28) by 
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considering the formation of defects accompanying solution 
of an aliovalent dopant at infinite dilution. Using this 
method. Visser, et al. (42) have shown that for this system 
at N„_ = 0, the activity coefficient term is apparently 
^±3 
equal to unity, so that 
Equation (29) suggests that determination of D at very low 
concentrations of YF^ would result in an interdiffusion 
coefficient that would be 2 times the impurity diffusion 
coefficient of Y in essentially pure CaFg. From their 
analysis of interdiffusion data. Visser, et al. (42) 
estimated the impurity diffusion coefficient of Y in essen­
tially pure CaFg 
D(Nyp =0) : 2Dy 
3 
(29) 
Dy = (S.SV^o'^g) X 10^ exp -( 83600±1800 cal/mole RT )(cm^/s) 
or 
Dy = (5.87^°;2^ ^ 10^ exp -( 3.63±.08 eV kT )(cm?/s) (30) 
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SECTION IV. EXPERIMENTAL PROCEDURE 
Diffusion coefficients were determined using Equation 
(11) under the appropriate initial and boundary conditions 
as a solution to Pick's second law. The use of radioactive 
isotopes as the diffusing species provided a convenient 
method of measuring the concentration profile as it provided 
a means of differentiating between the host material and 
the diffusing species. 
Materials 
Single crystals of pure CaFg and YF^-doped CaFg used 
in this study were purchased from the Harshaw Chemical 
1 2 Company and Optovac Incorporated respectively. The 
crystals supplied were in the form of cylinders nominally 
1/2" diameter and 1/8" long with ends flat and parallel and 
the cylinder axis parallel to (100). For the pure CaFg 
crystals, the supplier guaranteed <100 ppm total cation 
impurities. 
^Harshaw Chemical Company, Cleveland, Ohio. 
2 Optovac Incorporated, North Brookfield, Massachusetts. 
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Both wet chemical^ and spectrographic^ analyses were 
performed on pure CaFg crystals and YF^-doped CaFg crystals. 
The results of the analyses are shown in Tables 3 and 4. 
2 Electron microprobe analyses (Table 5) were performed on 
the YFg-doped CaFg single crystals to test for the presence 
of any chemical concentration gradients. The microprobe 
determinations were made at four positions along the diameter 
and thickness. These analyses did not show any concentra­
tion gradient within the detection limits of the equipment. 
The radioactive isotope used for the calcium diffusion 
45 45 
studies was Ca with a half-life of 163 days. Ca decays 
45 to stable Sc by 3 emission (0.25 MeV average) with 
practically no y emission (62). This tracer material was 
supplied by New England Nuclear in the form of a chloride 
solution in 0.5 M HCl. The analysis provided by the supplier 
indicated a radiochemical purity of >99%. For yttrium 
8 8 diffusion studies, the isotope used was Y with a half-life 
88 88 
of 107 days. Y decays to stable Sr by 3 emission 
(0.78 MeV average) accompanied by emission of y photons of 
^Performed by the Analytical Service Group of the Ames 
Laboratory, Iowa State University, Ames, Iowa. 
^Performed by C. D. Wirkus of the Engineering Research 
Institute, Iowa State University on an XMA-S microprobe, 
Hitachi Ltd., Tokyo, Japan. 
^New England Nuclear, Boston, Massachusetts. 
Table 3. Wet chemical analyses of as-received CaF. and YF^-doped CaFg 
single crystals 
Element Ca Y 
Nominal 
Composition 1 2 3 Average 1 2 
Pure CaFg 51.29 51.32 51.36 51.32 0 0 
CaF2/2 mole % YF3 49.24 49.23 49.24 49.24 2.25 2.22 
CaFg/^ mole % YF3 49.24 49.43 - 49.33 2.28 2.23 
CaFg/^ mole % YF3 48.11 48.00 48.00 48.04 4.20 4.20 
CaFg/S mole % YF3 44.10 44.07 44.08 44.08 8.29 8.29 
CaFg/S mole % YF3 44.04 44.09 - 44.07 8. 36 8.40 
CaFg/lO mole ' k YF, 42.67 42.58 42.66 42.63 10.41 10.41 
Table 3 (continued) 
3 
Y 
Average 1 
F 
2 3 Average 
a 
Calculated 
Composition 
0 0 48.52 48.66 - 48.59 
^^^1.997 
2.29 2.25 48. 68 48.34 48.43 48.48 CaF2/2.018 mole % YF, 
2.23 2.24 48.67 48.49 - 48.58 CaF2/2.006 mole % YF, 
- 4.20 48.17 - - 48.17 CaF2/3.792 mole % YF, 
8.27 8.28 47.73 47.81 47.57 47.70 CaF2/7.807 mole % YF, 
- 8. 38 47.64 47.75 - 47.70 CaF2/7.895 mole % YF, 
- 10.41 47.15 47.03 - 47.09 CaFp/9.91 mole S i YF^ 
^Calculated compositions are stoichiometric within the limits of 
experimental error. 
Table 4. Spectrographic Analyses of as-received CaFg and YF^-doped CaFg single crystals 
Nominal Ca Ba Fe Bi Cu Mg Si Sr Y 
Composition 
Pure CaFg VS FT VFT 
Pure CaF^ VS T FT FT T 
~50 PPM -20 PPM <20 PPM ~50 PPM 
CaFg/Z mol % YF^ VS FT FT S 
CaF2/4 mol % YF^ VS VFT FT FT S 
CaFg/S mol % YF^ VS VFT VFT FT S 
CaFg/lO mol % YF^ VS VFT FT VFT VS 
VS - very stong over 5% 
S - strong 1-5% 
T - trace .001-.1% 
FT - faint trace 
VFT - very faint trace 
EFT - extremely faint trace 
PPM - parts per million 
Table 5. Electron microprobe analyses of as-received CaFg and YF^ doped-CaF^ single crystals 
Composition 
mol % YFg 
Nominal 
Composition 
CaFg/Z mol % YF^ 
Along thickness Along diameter 
, o o / Estimated ^ n i / 
Error 1234
2.11 2.29 1.95 2.27 +0.20 2.02 2.09 1.95 1.97 +0.20 
Estimated 
Error 
CaFg/A mol % YF^ 
CaFg/S mol % YF^ 
CaFg/B mol % YF_ 
CaFg/lO mol % YF^ 
3.86 3.99 4.06 4.06 +0.20 3.91 3.89 4.04 4.05 +0.20 
7.81 7.88 7.94 8.01 +0.30 7.97 7.78 7.81 
8.11 7.79 7.70 7.48 +0.30 7.74 8.15 7.67 
10.15 10.13 9.80 10.04 +0.35 9.92 10.09 9.71 
+0.30 
+0.30 
+0.35 
44 
8 8 
two energies, 1.84 and 0.90 MeV (62). The Y isotope was 
purchased from Amersham/Searle Corporation^ in the form of 
chloride solution in 0.1 M HCl. A master carrier solution 
for the tracer was made by dissolving solid anhydrous CaCl2 
in distilled water to make a 0.07 M CaClg solution. The 
specific carrier solutions contained the appropriate amount 
of dissolved YCl^ to match the composition of crystal being 
studied. Amounts of the original tracer solution were added 
to the carrier to make working tracer solutions having an 
activity of approximately 20 u Ci/ml. Small amounts of these 
working tracer solutions were used for the diffusion 
experiments. 
Procedure 
The as-received pure CaFg and YF^-doped single crystals 
were prepared for diffusion anneals in the following manner. 
The faces of each crystal were made parallel to one another 
2 by first attaching one face of the specimen with a wax to 
a short length of 1/2" diameter drill stock, which had both 
ends machined parallel (63) . A mounting jig was used for 
this purpose (Figure 6). The drill stock was then gripped 
^Amersham/Searle Corporation, Arlington Height, Illinois. 
2 LOC-wax-20, Geoscience Instrument Corp., Mount Vernon, 
New York. 
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Figure 6. Specimen mounting jig 
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in the Jacobs Chuck (Figure 7) of a sectioning device 
(Figure 8). The mounting jig and the sectioner, later to be 
used for serial sectioning of the diffusion-annealed speci­
mens for penetration profile measurements, have been described 
by Berard (64), The face of the crystal was first ground on 
a 400 grit SiC paper and finally on a 600 grit SiC paper 
until the surface was in a plane perpendicular to the axis 
of the cylinder. After this treatment, the crystal was 
removed from the drill stock, cleaned in acetone and distilled 
water, and inspected under a low magnification microscope 
for flaws. The ground face of the crystal was lightly 
etched with HF which was found helpful in depositing a 
uniform thin layer of tracer materials. 50A of working 
tracer solution was pipetted onto the surface after which 
10A of dilute HF solution was added to precipitate a thin 
film of CaFg tagged with the radioactive species. The film 
was first dried at room temperature and later when a thin 
white deposit of CaFg was fully developed, it was dried 
under an electric heat lamp to drive off any moisture left 
in the film. 
The crystals thus prepared were placed in a cylindical 
20 mil thick tantalum capsule (3/4" diameter x 1 1/8" long) 
which was sealed under a vacuum of 10 ^ torr by an electron 
beam welding technique. 
Figure 7. Jacob's chuck 
Figure 8. Sectioning device 
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The diffusion anneals were carried out in a horizontal 
tube diffusion furnace. A schematic of the furnace is shown 
in Figure 9. The heating elements were SiC XL Hot Rods,^ 
20" X 9" X 1/2" in dimension. The hot face insulation con-
2 
sisted of 2800°F insulating firebrick backed by a layer of 
2 2300°F insulating firebricks. The muffle was an impervious 
McDanel 998 alumina tube^ (99.8% AlgO^) 2" O.D. x 1 3/4" I.D. 
X 26" long. A gas-tight brass seal (Figure 10) cooled by 
circulating water was attached to one end of the muffle tube. 
A McDanel seal (00)^ was attached to the other end of the 
muffle tube. The hot zone of the furnace was increased to 
2 1/2" by using insulating firebrick blocks inside the 
muffle tube. The temperature variation along the length of 
this "extended" hot zone was found to be ±1°C. A precali-
brated Pt-Pt 10% Rh thermocouple enclosed in an alumina 
protection tube was extended through the back-brass seal 
with the measuring junction at one end of the hot-zone. The 
hot-zone temperature was measured and displayed by a digital 
^Trademark of Norton Company, Industrial Ceramics 
Division, Worcester, Massachusetts. 
^A. P. Green Refractories, Mexico, Missouri. 
^McDanel Refractory Porcelain Company, Beaver Falls, 
Pennsylvania. 
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Figure 9. Schematic diagram of diffusion anneal furnace. 
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Pigure 10. Gas-tight brass seal 
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readout potentiometer^ and recorded by a strip chart 
2 
recorder. A second Pt-Pt 10% Rh thermocouple outside the 
muffle was used to control the temperature of the furnace. 
The temperature controller consisted of an Electromax 
4 
unit, a Program Set Point Controller and an SCR Power 
Package.^ an illustration of the temperature control, 
recording a displaying units is shown in Figure 11. 
Two or three Ta capsules containing crystals were tied 
together with a Ta wire and were placed in an insulating 
firebrick boat. The boat was then placed inside the furnace 
tube through the front end, pushed to the hot zone with the 
help of a brass rod, and e prefabricated insulating firebrick 
block was placed back inside the muffle tube to increase 
the length and improve the temperature uniformity of the hot 
zone. The front end of the muffle tube was sealed with the 
^Model 913-0001-3040-1-002 Numatron, Leeds and Northrup, 
North Wales, Pennsylvania. 
^Model 831-28-0-5034-6-B0-000 Speedomax "M" Recorder, 
Leeds and Northrup, North Wales, Pennsylvania. 
^Model 6435-5-4082-572-4-20 Electromax III, Leeds and 
Northrup, North Wales, Pennsylvania. 
4 Model 10173-1-B-TR16-S Program Set Point Controller, 
Leeds and Northrup, North Wales, Pennsylvania. 
^Model LN1-2430-AD-I SCR Power Package, Leeds and 
Northrup, North Wales, Pennsylvania. 
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Figure 11. Temperature control, recording and 
displaying unit 
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McDanel seal. The furnace was heated to the desired tempera­
ture at a rate varying between 150° and 200°C per hour. The 
atmosphere inside the furnace was maintained inert by flowing 
helium purified by a gettering furnace.^ Time and date were 
noted when the desired temperature was reached inside the 
furnace and recorded by the strip chart recorder. The 
duration of diffusion anneals ran from a minimum of about 
seven days for high temperature anneals to a maximum of more 
than twenty days for low temperature anneals. The recorder 
provided a permanent record of the furnace temperature. 
The hot-zone temperature was displayed constantly through 
the digital readout potentiometer. The furnace temperature 
was also checked periodically during an anneal with a manual 
potentiometer. The variation in temperature determined by 
the manual potentiometer and displayed by the digital readout 
was never greater than ±1°C around the nominal value during 
an anneal. At the end of a diffusion anneal, time and date 
were noted and the temperature controller was switched to 
the cooling mode for cooling the furnace at a specified rate. 
Again cooling rate was maintained around 150° to 200°C per 
hour. Since the actual diffusion anneal time was very large 
compared to heat-up and cool-down times, the anneal time was 
not corrected for heating up and cooling down times. 
^Model 2B, Centorr Associates, Sun Cook, New Hampshire. 
55 
After cooling the furnace to near room temperature, the 
front-end seal of the furnace was removed, the insulating 
firebrick refractory block was pulled out with the help of 
a brass rod and then the insulating firebrick boat containing 
the Ta-capsules was pulled out slowly. One end of each Ta 
capsule was cut open with the help of a copper tubing cutter. 
The annealed crystals were removed carefully from the Ta-
capsule with the help of a tweezer. The activated surface 
of the crystal was cleaned with a.cotton swab soaked in acetone 
to remove any loosely bonded tracer deposits. The crystal 
was then mounted on the drill stock with wax using the jig 
to ensure alignment. Prior to sectioning, the mounted 
crystal was chucked into the head of a small lathe and a few 
micrometers were turned off the cylindrical surface to elimi­
nate any effects of surface diffusion. Following the removal 
of material from the cylindrical surface, the mounted crystals 
were placed into the Jacobs chuck of the sample holder and 
inserted into the sectioning device. The specimen was sec­
tioned by grinding on a preweighed 400 SiC grit paper disc. 
The sample holder was turned continuously during the sec­
tioning to ensure parallel sectioning. The paper holding 
the ground material was weighed and the increase in the 
weight was taken to be the mass of the thin section. The 
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weighings were done with a Cahn microbalance^ (Figure 12) 
capable of weighing accurately to the nearest 2 yg. The 
sections containing the active material were covered with a 
piece of mylar tape and stored for later activity counting. 
The thickness of each section removed was calculated from 
the weight of the section removed, the cross sectional area 
of the crystal and the density of the crystals. The diameter 
of the crystal was measured by taking the mean of 10 to 15 
readings with a micrometer capable of measuring accurately 
to the nearest 10 ym. The thickness of the individual 
sections taken varied between 5 ym and 10 ym and the number 
of sections removed varied between 8 and 15 for various 
crystals. 
Two separate counting instruments were used for activity 
45 
measurements. For measuring Ca activities, a Geiger-Miiller 
2 3 tube (Figure 13) was used. A binary scaling unit integrated 
8 8 the output of the G-M tube. For measuring Y activities, a 
y-counting arrangement was employed consisting of a 2" x 2" 
4 Nal (thallium activated) scintillation detector, a 
^Model G-2 Electrobalance, Ventron Instruments Co., 
California. 
2 Tracelab Incorporated, Type TGC-1/1883. 
^Nuclear Instrument and Chemical Corporation, Model 
No. 165. 
4 
Model DS-200(V), Nuclear Chicago, Des Plains, Illinois. 
Figure 12 
COHN G-2 ELECTROBALANCE 
VENTRON CAHN DIVISION 
m 
m 
Cahn Microbalance 
Figure 13. Geiger Muller tube 
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1 2 
spectrometer, a single channel analyzer, a combination of 
3 4 5 
scaler, Timer/Sealer and a high voltage power supply. 
An illustration of this counting arrangement is shown in 
Figure 14. No decay time corrections were needed because 
45 88 
of the sufficiently long half-life of Ca and Y isotopes 
and the fact that the counting of all sections from a single 
specimen was always completed in a few hours. 
All the papers on which the sections were ground, weighed 
and counted were of the same size. Provisions were made in 
the counting chambers to count every section in an identical 
geometry. All sections from a single specimen were counted 
for a fixed time except for a few specimens for which the 
counting times for the deepest sections were increased 
because of a very low level of activity in those sections. 
Calculations of the tracer self-diffusion coefficients 
were made on the basis of the semi-infinite thin film 
solution of Equation (11). The expected distribution for 
^Model 816, Canberra Industries, Meriden, Connecticut. 
2 Model 830, Canberra Industries, Meriden, Connecticut. 
3 Model 871, Canberra Industries, Meriden, Connecticut. 
4 Model 892, Canberra Industries, Meriden, Connecticut. 
^Model 251, Mech-Tronics Nuclear Corporation, Melrose 
Park, Illinois. 
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Figure 14. Scintillation counter and counting 
arrangement 
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this case consists of a very high concentration of activity 
at the surface (x=0) which drops off exponentially with the 
square of the distance from the surface. Considering the 
specific activity as [A/£] where A is the total activity of 
a section and H is the thickness of the section. Equation (11) 
can be modified to 
i n l A / l ]  =  i n  A o  -  —— (31) 
4D t 
where Ao is constant and proportional to the initial amount 
* 
of tracer. Hence, D can be calculated directly from the 
2 
slope of the &n[A/&] versus x penetration plot. A typical 
specific penetration profile is shown in Figure 15. 
A graphical representation of another kind of profile 
typical of a few of the penetration profiles obtained from 
the serial sectioning procedure is shown in Figure 16. The 
lines are fitted by linear least squares. The first linear 
portion of the profile in Figure 16 is attributed principally 
to bulk or volume diffusion. The second linear portion of 
the profile of lower slope (higher apparent D) found at 
greater depth in the crystal is attributed principally to 
"pipe diffusion" or dislocation effects. In all cases, 
where a deep lying pipe diffusion profile was found, its 
specific activity contribution was subtracted from the profile 
(1100, 4A) 
40 80 120 160 200 240 280 320 360 
x ,^ cm  ^ X 10® 
Figure 15. Typical specific penetration profile 
o< 
VOLUME 
DIFFUSION 
REGION 
PIPE DIFFUSION REGION 
Figure 16. Graphical representation of a profile showing volume diffusion and 
pipe diffusion regions. 
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near the surface before the volume diffusion coefficient 
was evaluated. The subtraction process consisted in evalua­
ting the quantity [A^/2 - for each section, where 
A, 
— = measured specific activity for the section in the 
initial or "volume diffusion" region of the profile 
A 
= specific activity of that section as determined by 
linear extrapolation from the second or "pipe 
diffusion" region of the profile-
Figure 16 shows schematically this correction process. In 
this figure, the dashed line represents (Ap/£) values that 
are to be subtracted from the measured (solid line) specific 
activity values in the "volume diffusion" region. 
2 Plotting &n[A^/2 - A^/Jl] versus x for each section in 
the initial linear portion of the profile allowed evaluation 
of the true volume diffusion coefficient from the slope. A 
typical specific penetration profile of this kind is shown 
in Figure 17. Most penetration profiles showed only a single 
linear relationship of the kind shown in Figure 15 and slopes 
of these plots were used directly to calculate diffusion 
coefficients. 
Procedure for Density Measurements 
Densities of pure and YF^-doped CaFg crystals were 
measured in the present study by weighing the crystals in 
7.4 
(P) 7.0 
6.6 
6.2 
5.8 
5 5.0 
4.6 
4.2 
3.8 
3.4 
3.0 
800 1600 2400 3200 4000 4800 0 
x^, cm^ * 10® 
Figure 17. Typical specific penetration profile showing correction for pipe 
diffusion effects. 
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air and then measuring the volume by measuring the weight 
when totally submerged in a liquid. The dry weight of the 
crystals in air, the saturated weight of the crystals 
in air, and the saturated weight of the crystals sub­
merged in liquid (isopropyl alcohol, C^H^OH), W^g, were 
measured and the density of the crystal was calculated as 
' ^ - "ss 
where is the density of the submerging liquid. 
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SECTION V. RESULTS AND DISCUSSIONS 
Density 
Densities of pure and YF^-doped CaF2 single crystals 
were compared with hypothetical densities calculated by 
Short and Roy (14) on the basis of measured lattice parameter 
and two defect structure models. One model assumed the 
2+ 
creation of one cation vacancy for every two Ca ions 
replaced by Y^^ ions; whereas, the other model assumed that 
one F ion enters the CaFg lattice interstitially for each 
substituting Y^"*" ions. The lattice parameter, a^, of the 
fluorite phase was found to increase linearly with addition 
of YF^ up to 40 mole% according to Equation (1) described 
earlier, 
a^ = 5.463 + 0.0018 Py, A° (1) 
where Py is mole% YF^. 
The measured densities are shown in Table 6 and are 
plotted in Figure 18 along with the predicted densities on 
the basis of two defect models. The experimentally-measured 
densities lie very close to the predicted values for the 
interstitial model, and therefore, confirm the fluorine 
interstitial model for incorporation of YF^ in CaFg single 
crystals. 
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Table 6. Bulk density of pure and YF^-doped CaF_ single 
crystals 
Composition Density, gm/cm^ 
Pure CaFg 3.142 
Pure CaFg 3.169 
CaFg/Z.Ol mol% YF3 3.203 
CaF2/2.01 mol% YF3 3.198 
CaFg/S.Vg mol% YF3 3.256 
CaFg/S.Vg mol% YF3 3.259 
CaFg/V.SS mol% YF3 3.356 
CaFg/V.SS mol% YF3 3.341 
caFg/g.gi mol% YF3 3.402 
CaFg/S.Sl mol% YF3 3.385 
Tracer Self-Diffusion Coefficient 
Measurements in Pure and Doped Crystals 
Results 
Tracer self-diffusion coefficients were determined from 
plots of the specific activity of the diffusing radioactive 
2 tracer versus diffusion distance squared, x , using 
Equation (31). A typical specific activity profile has been 
shown in Figure 15. A second kind of profile was found in 
a few experiments, an example of which has been shown in 
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o represents experimentally measured densities 
3.50 
3.45 
3.40 
3.35 
o 
 ^3.30 -
in 
c 
a> 
"O 
o. 
3.25 
3.20 
3.10 
mole % YF, 
Figure 18. Experimentally measured densities versus predicted 
densities of CaFg-YF^ crystalline solid solution. 
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Figure 17. The portion of the profile at large depths is 
attributed to dislocation pipe diffusion. Out of 55 specimens 
the kind of profile shown in Figure 17 was exhibited in only 
four cases. The absence of this kind of profile in the 
remainder of the specimens does not necessarily mean the 
absence of pipe diffusion effects in those measurements, but 
only that such effects were not detectable within the depth 
of specimen sectioned for counting. In the four specimens 
which showed pipe diffusion effects, correction in bulk 
diffusion coefficients for these effects amounted to a 
* 
reduction of 2 to 10% in D . 
The tracer profiles for all the specimens investigated 
for calcium and yttrium diffusion are shown in Appendix A. 
The curves shown in all plots are based on a least square 
fit. A 95% prediction interval (65) was used to test each 
data point in a profile, with points outside this interval 
being rejected in the least squares fit. Each time a point 
was rejected, a new least squares fit was determined and a 
new prediction interval was calculated. When no further 
points were rejected, the final fit was used to calculate 
* 
a 95% confidence interval for D from Equation (31) as: 
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2 
where b is the regression coefficient of &n(A/&) on x , 
is the standard error in the regression coefficient and T 
is the t-statistic for a 95% confidence interval on the 
regression coefficient. 
The tracer self-diffusion coefficients calculated for 
each specimen are tabulated by composition, in Tables 7, 8, 
9 and 10 for ^^Ca diffusion and in Tables 11, 12 and 13 for 
8 8 Y diffusion. Each table contains measured values of 
diffusion coefficients, time and temperature of diffusion 
anneals and temperature-corrected values of diffusion 
coefficients (to be described later). The reasonably narrow 
confidence intervals for the diffusion coefficients are 
consistent with the nature of the tracer profiles which 
showed specific activities to fall almost linearly with the 
square of the penetration distance. 
Except for the 1200°C measurement for ^^Ca diffusion in 
2.01 mole% YF^-doped crystals (Table 7), the individual 
values of the diffusion coefficients for duplicate specimens 
are in good agreement. No reason was found for the discrep-
* 
ancy in the values of in specimens (1200,2A) and (1200,2B) 
at 1206°C. Two additional diffusion coefficient measurements 
were made for this composition around 1200°C (Table 7, 
specimens M and N), but the scatter in the diffusion coef­
ficients did not improve. 
Table 7. Summary of calcium tracer self-diffusion coefficient measurements in 
CaF2/2.01 mole% YF^ single crystals. 
Measured Value Temperature Corrected Value 
Diffusion 
anneal time Temp. * 0  Temp. * O 
Specimen sec. OC Dca cm /sec oc Oca Cm /sec 
960, 2A 1. 3452 X 10® 960 7. 
":o: 
03 
03 X 10" 
13 
960, 2B 1. 3452 X 10^ 960 5. 08 07 X 10" 
13 
1030, 2A 1. 0314 X 10^ 1032 3. 03 03 X lO" 
12 
1030^, 2B 1. 0314 
o
 
1—i X 1032 4. 
"-o! 
05 
04 
X 10" 12 
1100^, 2A 6. 06 X 10^ 1099 1. 03 02 X lO" 
11 1101 1.55 X 10-" 
1100, 2B 6. 06 X 10^ 1099 1. 06 05 X lO" 
11 1101 1.42 X 10"11 
1200, 2A 6. 264 X 10^ 1206 2. 04 04 X 10" 
10 1202 2.31 X 10"10 
1200, 2B 6. 264 X 10^ 1206 4. 12 11 X lO" 
10 1202 3.79 X 10-10 
M 1. 728 X 10^ 1194 3. 03 02 X lO" 
10 1202 4.08 X 
0
 
I—i 1 o
 
r
H 
N 1. 728 X 10^ 1194 2. 01 01 X 10" 
10 1202 3.48 X 
O
 
I—1 1 o
 
1—1 
^Corrected for pipe diffusion effects. 
Table 8. Summary of calcium tracer self-diffusion coefficient measurements in 
CaPg/S.Vg mole % YF^ single crystals 
Specimen Diffusion 
Anneal Time 
Sec 
Measured Values 
* 2 Temperature D_ cm /sec 
°C La 
Temperature Corrected Value 
* 2 Temperature cm /sec 
°C Ca 
960, 4A 1.3452 x lO" 960 
960, 4B 1.6272 x 10^ 956 
1030, 4A 1.0314 X 10^ 1032 
1030, 4B 9.396 x 10^ 1033 
1100, 4A 6.06 X 10^ 1099 
1100, 4B 7.353 x 10^ 1101 
1200, 4A 6.264 x 10^ 1206 
1200, 4B 6.588 x 10^ 1202 
2.57 
1.54 
9.26 
1.13 
5.24 
5.80 
5.39 
4.97 
+0 
- 0  
+0 
- 0  
+ 0 
- 0  
+0 
- 0  
+0 
- 0  
+0 
- 0  
+0 
- 0  
+0 
- 0  
.06 
.05 ^ 
.01 X 
.01 ^ 
.05 ^ 
:ol 
: : : x  
.05 ^ 
,05 
10 
10 
10 
10 
10 
10 
10 
10 
-12 
-12 
-12 
-11 
-11 
-11 
-10 
-10 
959 
1101 
1202 
1.67 X 10 -12 
5.48 X 10 -11 
4.99 X 10 -10 
Table 9. Summary of calcium tracer self-diffusion coefficient measurements in 
CaFg/V.SS mole % YF^ single crystals 
Specimen 
Diffusion 
Anneal Time 
Sec 
Measured Value 
* 2 , Temperature D„ cm /sec 
°C Ca 
Temperature Corrected Value 
* 2 , Temperature cm /sec 
°C 
960, 8A 1.6272 x 10 956 5 15^^'^^ X 
-0.03 10 
-12 959 5.57 X 10 -12 
960, 8B 1.6272 x 10 956 10 -12 959 4.25 X 10 -12 
1030, 8A 9.396 x 10" 1033 10 -11 
1030, 8B 9.396 x 10" 1033 3-56-0;04 ^ 10 
-11 
1100, 8A 7.353 x 10' 
1100, SB 7.353 X 10 
1101 
1101 
1200, 8A 6.588 x 10' 1202 
«•"^-0:64 ^ 10 
•10 
1200, 8B 1.044 X 10 1202 10 -10 
1.692 X 10' 1212 10 — 9 1202 8.39 X 10 -10 
^Corrected for pipe diffusion effects. 
Table 10. Summary of calcium tracer self-diffusion coefficient measurements in 
CaFg/S.gi mole % YF^ single crystals 
Measured Value Temperature Corrected Value 
uii-xusxon ^ 2 ^ 2 
Specimen Anneal Time Temperature D_ cm /sec Temperature D- cm /sec 
Sec °C *C 
960, lOA 1. 2528 X 10^ 959 9. ,.+0.06 
*^-0.05 X 
10-12 
-
960, lOB 1. 2528 X 10® 959 1. ,_+0.01 
-0.01 X 
lo'ii 
-
1030, lOA 2. 2248 X 10® 1033 5. T ,+0.18 
-0.17 X 
10-11 
-
1030, lOB 2. 2248 X 10® 1033 8. 
"-2:23 X 
10"11 
-
1100, lOB 1. 2096 X 10® 1103 2. «C:o4 X 
lo'io 1101 1. 93 X 10"" 
1200, lOA 6. 624 X 10^ 1198 1. C7+0.11 
^^-0.10 X 
10-9 1202 1. 62 X 10"' 
1200, lOB 6. 624 X 10^ 1198 1. c c +0.13 ®®-0.11 X 10-9 1202 1. 78 X 10-9 
0 1. 692 X 10^ 1212 1. 10+0.03 38-0.02 X 10-9 1202 1. 17 X 10-9 
Table 11. Summary of yttrium tracer self-diffusion coefficient measurements in 
pure CaFg single crystals 
Specimen Diffusion 
Anneal Time 
Sec 
Measured Values 
Temperature 
°C 
* 2 . Dy cm /sec 
Temperature Corrected Value 
* 2 Temperature D cm /sec 
w 
X 
u 
V 
T 
R 
1.2096 X 10' 
1.2096 X 10* 
6.912 X 10^ 
6.912 X 10^ 
4.32 X 10^ 
4.32 X 10^ 
5.832 X 10^ 
1037 
1037 
1089 
1089 
1133 
1133 
1182 
l'03-O 02 ^ 1033 
G'G7-0 15 ^ 10"^^ 1033 
5.48+0'09 ^ iQ-lZ 1087 
^•°®-0*10 ^ 1087 
1.35+n'%f X lO'll 1127 
-0.01 
l'27^o'o2 ^ lO'll 1127 
3.75+q*Q3 X lO'll 1178 
9.15 X 10 
7.73 X 10 
5.19 X 10 
3.85 X 10 
1.17 X 10 
1.09 X 10 
-13 
-13 
-12 
-12 
-11 
-11 
3.42 X 10 -11 
Table 12. Summary of yttrium tracer self-diffusion coefficient measurements in 
CaFg/S.VS mole % YF^ single crystals 
Specimen Diffusion 
Anneal Time 
Sec 
Measured Values 
* 2 / Temperature D cm /sec 
Temperature Corrected Value 
* 2 , Temperature D cm /sec 
°C ^ 
K 
H 
E 
1.3572 X 10 
1.3572 X lo' 
8.928 X 10^ 
8.928 X 10^ 
1.0188 X 10* 
1.0188 X 10* 
5.976 X 10^ 
1033 
1033 
1087 
1087 
1127 
1127 
1178 
3.33!0;»^ X 10-12 
10'" 
6.71:0;»5 X 10-11 
Tabla 13. Summary of yttrium tracer self-diffusion coefficient measurements in 
CaFg/g.Sl mole % YF^ single crystals 
Specimen Diffusion Measured Values Temperature Corrected Value 
Anneal Time Temperature D cm /sec Temperature D„ cm /sec 
Sec °C °C 
1. 3572 X 10^ 1033 4.83^°*]^^ x 10~^^ 
G 8.928 X 10^ 1087 4.49^Q*Jg x lO"^^ 
D 1.0188 X 10^ 1127 7.08+n'Sc x 10~^^ 
- 0 . 0 6  
A 5.976 X 10^ 1178 2.13+0'^ lo"^^ 
B 5.976 X 10^ 1178 1.59+q*Q^ X 10"^° 
^Indicates point not contained in least square fit (for Figures 32 and 33 and 
Tables 17 and 18). 
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The single diffusion coefficient measurement result for 
diffusion in 9.91 mole% YF^-doped crystals at 1033°C 
{Table 13, specimen J) was not included in final least squares 
fit for Arrhenius relationship. Diffusion coefficient for 
specimen J lies far below the least squares line and inclusion 
8 8 
of J in the calculation of activation energy for Y diffusion 
in 9.91 mole% YF^ doped crystals results in extremely high 
value of activation energy for this composition and does not 
fall in the trend. No reason was found for this kind of 
behavior for specimen J. Additional crystals of this compo-
* 
sition were not available for a second determination of Dy 
at this temperature. 
Discussion of Ca tracer self-diffusion coefficients 
Temperature dependence Arrhenius plots giving the 
45 temperature dependence of Ca self-diffusion coefficients 
for each composition are given in Figure 19. The Arrhenius 
relation is based on the equation 
D = Do exp (-Q/kT) (34) 
where Do is a constant called the frequency factor, Q is the 
activation energy and k and T are the Boltzmann constant 
and absolute temperature respectively. A least squres fit 
* 
of ilnD versus 1/T for each composition yielded the relation­
ships which are shown in Table 14 and plotted in Figure 19. 
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10 ,-8 T 1 1 1 1 
-o 2.01 mole % YF3 doped CoF^ 
-o-3.79mole % YF3 doped C0F2 
7.85mole % YF3 doped CaF2 
9.91 mole % YF3 doped CoF^ 
-A-Corrected for Pipe diffusion effects 
-0--0-A-* Pipe diffusion effects were not 
observed. 
Pure CoF 
: (Berord, Reference #9) 
10 •13 
6.6 6.8 70 7.2 7.4 7.6 
I/Txl04 o^-l 
7.8 8.0 8.2 
Figure 19. Arrhenius plots of diffusion coefficients for 
calcium diffusion data. 
Table 14. Results for Ca tracer self-diffusion 
Composition * 2 , Dc a -  c m  / B  References 
Pure CaF, 
CaF2/0.34 mole % YF^ 
CaF2/2.01 mole % YF^ 
CaFg/S.vg mole % YF^ 
CaFg/V.BS mole % YF^ 
CaFg/S.Sl mole % YF^ 
5.35xlo3exp-(4'15±0.17 eV^ 
3 . 6 8 x l 0 ^ e x p - ( 4 . 0 6 ± Q . 3 1  e V ^ 
(2.48^^;9^)xiotexp-(4.08±0.18 eV^ 
(7'35*ï;o4)xlo2exp-( 
(2.34+Q]22)xlo2exp-( 
(8.52+l]G9)xiolexp_( 
kT 
3. 57±0. 09 eV 
kT 
3. 34±0. 05 eV 
kT 
3. 15 + 0. 10 eV 
kT 
Berard (9) 
King and Moreman (12) 
Present Study 
Present Study 
Present Study 
Present Study 
^Arrhenius relationship calculated during present study using data from this 
reference. 
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The limits on are calculated from the 95% confidence 
* 
interval on the intercept of the least squares fit of JlnD 
versus 1/1, whereas the limits on (activation energy 
for calcium diffusion) are calculated from the 95% confidence 
interval on the regression coefficient for the fit. 
It should be noted in Table 14 and Figure 19 that the 
activation energy, the pre-exponential factor. Do, 
both decrease as the mole% YF^ dopant in CaFg increases. A 
decrease in both Do and has opposing effects on the dif­
fusion coefficient at a given temperature. A decrease in Do 
with an increase in YF^ content of crystal will reduce the 
diffusion coefficient, whereas a decrease in the activation 
energy increases the diffusion coefficient. Since the overall 
* 
effect on D^^ with an increase in YF^ is an increased dif­
fusion coefficient in the temperature range investigated, 
the activation energy has the stronger effect on diffusion 
coefficient. 
A similar kind of behavior was reported by M. E. Baker 
(41) who studied nine systems involving Ca, Sr and Ba, each 
diffusing in CaFg, SrF2 and BaF2. Both the activation energy, 
Q, and pre-exponential factor. Do (with some exceptions), were 
found to decrease, in this case, with increasing lattice 
parameter of the host lattice (lattice parameter increasing 
in the order CaFg, SrFg, BaFg). These results are comparable 
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to those of the present study in the respect that lattice 
parameter of the host fluorite lattice increases with 
increased amounts of YF^. Close inspection of this comparison, 
however, shows that the present study is complicated because 
the changes in lattice parameter are coupled with the changes 
in defect concentration which would not be the case in the 
"pure" system of Baker. 
The activation energies for each composition are plotted 
as a function of composition in Figure 20. Approximating 
these data by a linear relationship using a least squares 
fit yields, 
= 4.151 - (0.105 ± 0.013) n^^ , eV (35) 
where n^^ is mole% YF^ dopant in the CaFg crystals. The 
limits on the slope are calculated from the 9 5% confidence 
interval on the regression coefficient for the fit. No 
particular significance, nor in fact any particular emphasis, 
is placed on the approximately linear relationship in these 
data. On the other hand, it is important to note that addi­
tion of YFg causes a continuous decrease in the activation 
energy for calcium diffusion in YF^-doped CaFg crystals. 
To inquire into the reasons for a decrease in the acti­
vation energy with increasing dopant level, it is useful to 
reexamine the atomic theory of diffusion in conjunction 
with the fluorite crystal structure and possible defect 
cluster formation accompanying doping discussed earlier. 
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Figure 20. Activation energy versus mole percent YF^ rela­
tionship for calcium diffusion. 
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In Section III, the atomic theory of diffusion in an 
FCC cation array led to the relationship, 
D* = exp (^) (21) 
* 
where D is self-diffusion coefficient, y is a geometrical 
constant, a^ is lattice parameter, v is frequency of vibration 
towards a specific site, f^c^tion^s the fraction of cation 
sites which are vacant, AGm is free energy of motion of 
cations, k is Boltzmann constant and T is absolute tempera­
ture. Without going into details of various defect equilibria 
in the fluorite structure at this point, the temperature 
dependence of the concentration of cation vacancies at a 
constant dopant level can be written as, 
'^cation's ' 
where AGv is a free energy term related to the energies of 
the various defect equilibria involved in producing cation 
vacancies in the material. Substituting Equation (36) into 
Equation (21) results in 
D* = 0.78lYa^^v exp - (37) 
The free energy terms in Equation (37) can be written 
as 
AGv = AHv - TASv (38a) 
and 
AGm = AHm - TASm (38b) 
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where AHv is enthalpy change involved in the formation of 
cation vacancies, ASv is entropy change involved in the for­
mation of cation vacancies, AHm is enthalpy of motion of 
cations and ASm is entropy of motion. Substituting Equations 
(38) into Equation (37) and separating temperature dependent 
and temperature independent terms results in 
D* « 0.78lYaQ^v exp exp - (39) 
or 
D = Do exp -(^) (40) 
* 2 
where Do is the pre-exponential factor ccQ.vsiya^ v 
exp(ASv + ASm/k) (which would also contain a concentration 
term that is constant at fixed dopant level) and 
Q is the activation energy = (AHv + AHm) (41) 
Examination of activation energy versus mole% YF^ in 
Figure 20 shows that activation energy decreases with increas­
ing dopant level in CaFg crystals. Though no information 
is currently available concerning the variation of AGv or 
AHv with dopant level, it is possible to develop logical 
arguments based on the known CaFg crystal structure for the 
variation of AGm and AHm in pure and doped crystals. 
At this stage, it becomes essential to reexamine in some 
detail the fluorite structure discussed eariler (Figure 2). 
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The calcium fluoride structure consists of a simple cubic 
arrangement of fluorine ions interpenetrating a face-centered 
cubic arrangement of calcium ions (Figure 21). These 
drawings (Figures 2 and 21) clearly show that the structure 
may be viewed as a series of anion cubes with cations in 
the center of every other cube (i.e., those cubes which 
share edges with one another). Likewise, it may be seen 
that alternating anion cubes have centers unoccupied by 
cations which thus correspond to large interstitial sites. 
Figure 22 helps to explain the probable cation diffusion 
jumps involved in pure CaFg. Each site has been numbered 
in this figure. Fluorine ions occupy sites 1 through 18. 
Cations would normally occupy sites 19 and 21; however, 
site 21 has been shown to be currently occupied by a cation 
vacancy. The two large interstitial sites in the center of 
alternate anion cubes are numbered 20 and 22. Several 
pathways are possible for a successful jump of the cation 
on site 19 to the adjacent equivalent (unoccupied) site 21. 
One possibility is a "straight line" path between sites 19 
and 21 passing through the center of the anion cube edge 
between anions 7 and 8. Still another possibility is a 
2-step jump involving the cation at 19 first passing through 
the anion cube face made up on anions 5, 6, 7 and 8 to inter­
stitial site 20. This jump would be followed by a second 
88 
Figure 21. Fluorite structure. The F.C.C. structure of the 
cation sublattice. 
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Figure 22. Possible calcium diffusion pathways in pure 
calcium fluoride. 
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jump from site 20 to site 21 passing through the anion cube 
face made up of anions 7, 8, 11 and 12. (A similar two 
step jump from site 19 to site 21 via interstitial site 22 
is possible.) 
An estimate of relative amount of energy necessary to 
accomplish these jumps may be made by comparing the size 
of the constrictions in the anion array through which the 
cation must pass in jumping from 19 to 21. This may be done 
by using known ionic sizes and anion positions as determined 
from the lattice parameter for the structure (asuming "hard­
shell" spherical ions). In the case of the "straight line" 
jump path, the constriction between anions on sites 7 and 8 
is 0.1849 of the diameter of Ca^^ ions.^ In the case of the 
2-step jumps, the square constriction between anions 5, 6, 7, 
2+ 8 and 7, 8, 11 12 are 0.5461 of the diameter of the Ca ion. 
Since the constrictions along the 2-step pathways are much 
looser than along the "straight line" pathway, it may be 
assumed that less energy of motion is required for the 2-step 
jump and this will be the predominating type of jumps 
occurring during cation diffusion in pure fluorite material. 
Site 20 is not a favorable position for a cation, since a 
^Taking the radius of Ca^^ in 8-fold coordination as 
1.26A° and the radius of F~ in 4-fold coordination as 
1.17A°.(66) 
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cation there would be separated from cations in adjacent 
anion cubes (in front, in back, above and to the left of 
the cube containing site 20) by only a^/2, whereas, the normal 
cation separation distance is a^//2. However, site 21 is 
fairly well-screened from these adjacent cations by the cubic 
array of almost-touching anions forming the site and so 
site 20 may be acceptable as a temporary intermediate position 
during the cation jumps. The probable energy changes accom­
panying a 2-step cation jump from site 19 to 21 via site 20 
is shown in Figure 23. 
This rather simple cation diffusion picture in pure CaFg 
(Figure 22) becomes considerably complicated when 
diffusion takes place in a YF^-doped crystal. Density 
measurements in YF^-doped CaFg crystals in the present 
study, as well as those reported by Short and Roy (14) 
confirm that the dominant mechanism for incorporation of 
YF^ into CaFg is 
*^ 3 = ^ Ca + + Fi' (6) 
3+ 2+ in which a Y substitutes for Ca at a normal cation site 
and an additional F ^ occupies an interstitial position. 
One might assume after examining the fluorite structure 
described earlier (Figures 2 and 21) that the additional 
fluorine would reside in the large interstitial sites at the 
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Figure 23. Probable energy changes during a 2-step cation 
jump. 
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centers of alternating fluorine cubes. However, neutron 
diffraction studies first by Willis (18,19) in (x "> .01) 
and later by Cheetham, et al. (67) and Cheetham, Fender and 
Cooper (3) in calcium fluoride-yttrium fluoride solid solu­
tions, discovered that this is not the case. These studies 
demonstrated two types of interstitial sites for the addi­
tional fluorine, neither of which is at the anion cube center. 
The location of these sites are shown in Figure 24, Reference 
68. The type 1 sites (Figure 24a) lie along each of the six 
diagonals through the edge centers of the cube (i.e., the 
[110] directions). These sites are halfway between the empty 
cube center and mid point of the cube edges. There are 48 
type 1 sites in a fluorite unit cell. The location of 
the type 2 sites are shown in Figure 24b. One of these 
sites is located on each of the four cube body diagonals 
(i.e., the [111] directions). These sites are midway from 
the empty cube center to the cube corners. There are 12 
type 2 sites in each fluorite unit cell. Cheetham, et al. 
(67) suggested that occupancy of these interstitial sites 
may be a general feature of fluorite structures containing 
excess anions. Drawing a parallel analogy with the findings 
of Roberts and Markin (69) for the thermodynamic 
properties of YF^-doped CaFg are best rationalized 
by ordered substructure or anion defect complexes 
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Figure 24. Sites for interstitial fluorine in YF^-doped CaFg* 
Reporduced from Olander (68, p. 148). 
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of the type shown in Figure 25. This figure shows a complete 
fluorite unit cell with two interstitial fluorine ions (which 
accompany two substitutional ions) placed on type 1 sites. 
Because of coulombic repulsion^ the two fluorine ions that 
were on normal lattice sites nearest to the pair of extra 
fluorine ions relax outward. They do so along [111] direc­
tions and thereby take up type 2 sites, leaving two normal 
anion sites vacant. The defect cluster actually forms a 
2:2:2 complex consisting of two fluorine interstitials on 
type 1 sites, two interstitials on type 2 sites, and two 
fluorine vacancies (along with two ions on normal calcium 
sites). As shown in Figure 24b, a normal fluorine ion could 
move in any one of fov.r directions to reach a type 2 inter­
stitial position. However it can be seen from Figures 24b 
and 25 that two of these directions would bring the relaxing 
ions closer to rather than farther away from the interstitials 
on type 1 sites. The two remaining directions of movement 
of each of the corner fluorine ions are shown in dashed 
arrows in Figure 25. The particular location shown in the 
figure as being occupied by type 2 fluorine interstitials 
constitute just one of four possible combinations of type 2 
relaxations, each of which is of equal probability. 
Apart from the simple diffusion pathways discussed for 
pure CaFg in Figure 22, alternate cation diffusion pathways 
E«o] 
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Figure 25. Defect complex in YFg-doped CaF2- (Reproduced 
from Reference 68, p. 148). 
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through the Willis cluster should be considered in YF^-
doped material. Figure 25 showing the defect complex in 
doped CaFg is repeated in Figure 26, with its atom positions 
labelled to assist in the discussion of possible pathways 
for diffusion. 
The cation on site X is considered to be the diffusing 
ion, and several alternative pathways are considered that 
would bring it to either adjacent equivalent site Y or Z, 
supposing that these sites are vacant. The size of the 
constrictions encountered by the cation along the alternative 
pathways have been calculated (using hard sphere radii and 
the assumption of no relaxation of surrounding ions during 
the jump). These constriction sizes are listed in Table 15 
and are compared with the sizes of the constrictions pre­
viously calculated for cation jump in pure CaFg. (The method 
used in calculating constriction sizes for each pathway is 
explained in Appendix B.) It should be noted that all con­
striction sizes calculated here for doped material are con­
servative, since the lattice parameter of CaFg increases 
with addition of YF^ dopant. 
If jump type 6 (the presumed preferred jump type in pure 
CaFg) is selected as a standard of comparison, the various 
jump types in doped material may be examined to see whether 
they would likely involve more or less motion energy than 
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Table 15. Anion constriction sizes for Ca ion diffusion jumps in YP--doped CaF. 
(refer to Figure 26) 
Jump Cation Anion Constriction(s) Size of Constriction/ 
Type Jump Size of Ca2+ ion 
1 
2 
5 
6 
X -»• Y 
X  +  Y  
X -> Y 
X -> Z 
a-c-f* 
(I) a-b-c followed by 
(II) a-h-d-c 
(non coplanar) 
(I) a-b-c followed by 
(II) a-d-c 
(I) a-b-c followed by 
(II) b-d-c 
a-b-d 
Square array of anions 
in pure CaFg 
Anion cube edge in pure 
CaF\ 
0.2180 
(I) 0.6535 
(II) diagonal ad 0.5960 
diagonal he 0.0750 
(I) 0.6535 
(II) 0.6465 
(I) 0.6535 
(II) 0.6705 
0.8518 
0.6461 
0.1849 
^Position f is an anion position equivalent to b but in the cell below the one 
shown. 
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jumps in undoped material- Jump type 1 between X and Y 
passing through a single triangular constriction a-c-f is 
seen to be less favorable than type 6. Jump type 2 between 
X and Y involves two constrictions; first the triangular 
a-b-c constriction followed by the noncoplanar trapazoidal 
constriction a-h-d-c. The first constriction is slightly 
more open than that for a type 6 jump, but the second con­
striction is tighter since the diagonal he of the 
2+ trapezoidal constriction is only 0.0750 the size of the Ca 
ions. Thus, overall, a type 2 jump is probably considerably 
more energetic than a type 6 jump. The type 3 jump between 
X and Y involves two triangular constrictions, a-b-c followed 
by a-d-c, both of which are slightly more open than the con­
striction of the type 6 jump and therefore, presumably, 
requiring a lower energy of motion. A similar argument can 
be made for the type 4 jump between sites X and Z. The 
type 5 jump through the constriction a-b-d is a very low 
energy one. This particular constriction is not along the 
path between two adjacent cation sites with the defect cluster 
oriented as it is in Figure 26; however, in other cells, 
with the cluster oriented differently, this very open con­
striction may well come into play in actual cation jumps. 
In Figure 26 it may be seen that the triangular anion 
constrictions which have larger openings than the square 
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constriction of a type 6 jump are arranged in an interesting 
geometry. These constrictions, a-b-c, b-d-c, a-d-c and a-b-d 
form the four faces of a deformed tetrahedron. Such tetra­
hedra, when interposed between adjacent cation sites provide 
for "easy" two step diffusion jumps involving a cation first 
passing through one triangular face to take up a temporary 
(interstitial) position inside the tetrahedron, followed by 
passage through another triangular face to complete the jump. 
The fraction of cation sites adjacent to such tetrahedra will 
increase directly with an increase in the concentration of F 
interstitials which in turn increases directly with YF^ 
dopant concentration. 
It has thus been shown that cation jump types can be 
found in YF^-doped CaFg containing defect clusters that 
should possess somewhat lower energies of motion than for 
type 6 jumps in pure material. The number of defect clusters 
will increase as the YF^ concentration increases. It is 
also true that all of these constrictions, including those 
of type 6 jumps, will enlarge as the lattice parameter 
increases accompanying addition of YF^ dopant. Both of these 
effects combine to give a lowering of the average energy of 
motion for cation diffusion as the YF^ concentration is 
increased in CaFg. This may be the principal reason for a 
lowering of the observed activation energy for cation 
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diffusion with increasing amounts of dopant. However, it 
should be noted that the AHv term in Equation (41) may also 
be composition dependent, but the influence of this term 
on the variation of Q with dopant level cannot be determined 
at this time. 
Discussion of Ca tracer self-diffusion coefficients 
Composition dependence The calcium and yttrium self-
diffusion coefficients shown in Tables 7, 8, 9, 10, and Tables 
11, 12 and 13 are listed under two headings - "Measured values" 
and "Temperature corrected values". The values listed under 
the first heading are actual measured values of the 
coefficient at the temperature of the diffusion anneal. The 
coefficients listed under the "temperature corrected values" 
heading are generated values for a temperature slightly 
different than that of the actual diffusion anneal. The 
process of generating the corrected values of the diffusion 
coefficient was necessary to smooth out differences in 
diffusion coefficients arising from unavoidable slight 
differences in actual diffusion anneal temperatures from one 
run to another for crystals of the same composition. The 
corrected values of the diffusion coefficient were obtained by 
-using Q, the activation energy from the Arrhenius relationship 
for the given composition in the following way. Let Equation 
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(42> describe the actual diffusion coefficient at an 
actual diffusion anneal temperature T^, 
°1 = # 
1 
(42) 
where Q is the activation energy calculated from the Arrhenius 
relationship for the particular composition, and k is the 
Boltzmann constant. Now, the corrected value of the diffusion 
coefficient at a slightly different temperature Tg 
(corrected temperature) is given by Equation (43) 
In this manner, coefficients were corrected when necessary 
to correspond to temperatures of 959°, 1033°, 1101° and 
1202°C. 
To analyze the dependence of calcium tracer self-
diffusion coefficients on dopant level, it is useful to 
reexamine the defect arguments presented earlier. It has been 
proved by density measurements on YF^-doped CaF2 crystals 
in the present study and by Short and Roy (14), that the 
dominant mechanism for incorporation of YF^ into CaFg is 
°2 °o k^T 
2 
(43) 
solving Equations (42) and (43) results in 
°2 = - 57' ' (44) 
(6) 
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There is considerable evidence in the literature that anion-
Frenkel defects are the predominant intrinsic defects in 
pure CaFg, although, of course, Schottky defects are present 
as well- Writing the reaction equilibria for formation of 
Schottky and anion-Frenkel defects. 
Crystal ^  + 2Vp (2a) 
Fp Z Vp + F^' (2b) 
The equilibrium constants for the two reactions can be 
written, 
Ks = (3a) 
KaF = [F.'][Vp] (3b) 
Solving Equations (3a) and (3b) simultaneously results in an 
expression for concentration of Ca vacancies, 
K_ K 2 
In heavily doped materials, the neutrality condition can be 
approximated by 
[Y^a] = (45) 
Solving Equations (6), (4) and (45) simultaneously results in, 
a^F 
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Since the fraction of cation sites occupied by is equal 
to fraction of YF^ dopant in the CaFg crystals, 
*YF 
[Y^^] 5 mole fraction YF^ = XôÔ~ (47) 
and 
^aF 
If calcium diffusion takes place by the vacancy mechanism 
and if all calcium vacancies are free and available to 
participate in the calcium diffusion process then, in 
Equation (18) 
K 
^aF ^ 
and Equation (21) becomes. 
D* = 0.781ya;,2v[Vcation]s <=i^' 
= 7 .81 X ^2^ exp (^^)  (50)  
^aF 3 
where AGm is free energy of motion of calcium ions. Expanding 
the AG terms in Equation (50) leads to 
* _c ? 2 ASm+ASs-2AS _ 
D = 7.81 X 10 Y a vn „ exp ( ) 
O 2 -K 
AHm+AHs-2AH „ 
exp(- ^ —) (51) 
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where 
Y = geometrical factor related to structure and jump type 
a^ = lattice parameter 
V = fundamental oscillation frequency for cations 
(on the order of kG^/h where k = Boltzmann constant, 
h = Planck's constant and = Debye temperature) 
n = mole % YF- in solid solution 
YF3 3 
ASm,AHm = entropy and enthalpy of motion of cations 
ASs,AHs = entropy and enthalpy of formation of Schottky 
trios 
AS^pfAH^p = entropy and enthalpy of formation of anion 
Frenkel pairs. 
* 
In order to analyze the composition dependence of D , a 
number of simplifying assumptions will be made: 
2 1. a is only a weak function of n so that a is 
o YF^ o 
approximately independent of n . 
2. There is no association of defects (which would intro­
duce additional terms into the exponentials and 
possibly into the preexponential portion of Equation 51). 
3. The enthalpy and entropy terms in Equation (51) are 
independent of YF^. 
The validity of these simplifying assumptions will be examined 
subsequently. Within the framework of the simplifying 
assumptions, at a fixed temperature, Equation (51) may be 
reduced to 
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* 2 t D = Kn^p (52) 
"3 
where the magnitude of K is fixed by the temperature. This 
* 
relationship suggests that all data for D at a common 
temperature will show a linear plot with the square of the 
YF^ dopant concentration. Plotting the results for Ca 
tracer self-diffusion coefficients in Tables 7, 8, 9 and 10 
(including the use of temperature-corrected values where 
2 
necessary) against n^„ at temperatures of 959°, 1033°, 
3 
1101° and 1202° yields the relationships shown in Figure 27. 
* 2 Least squares fits of D to n^^ at each temperature yields 
1 ^ the relationships in Table 16 and the lines drawn in 
* 
Figures 27. The values of D at n^p = 0 are not included 
in the least squares fits since these would not be expected 
to follow the defect model which assumes impurity domination 
This relationship obviously becomes invalid for pure 
crystals (nyp =0) or even for very low dopant levels. 
This will be true because the arguments used in arriving at 
Equation (51) assumed a dopant level sufficiently high that 
an electrical neutrality condition [Y^^] = [Fi'] was applicable. 
This obviously would not be true at very low dopant levels. 
^The intercept values in Table 16 are not zero (as 
suggested by Equation (52)) because the defect arguments 
breakdown at some dopant level sufficiently low that Equa­
tion (45) is no longer valid. Below this dopant level, 
which is probably less than n^p = 0.34% (Reference 12), 
Equation (52) is no longer valid. 
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* 2 Table 16. Least square relationships between and 
La ir 2 
* 2 Temperature, C cm /s 
959°C D* = 1.95 X lo"^^ + (9.80±0.66) x lO'^^n^ 
1033°C D* = -2.51 X 10"13 + (6.66±0.61) x 10~^^nJ_ 
YF3 
1101°C D* = 1.80 X 10~^^ + (1.7710.12) x 10~^^nJ 
™3 
1202°C D* = 2.81 x 10"^° + (1.2010.11) x lo'^^n^ 
^^3 
of electrical neutrality. As may be seen in Figures 27, 
* 2 
a linear relationship between D and n for doped crystals 
3 
is reasonably well borne out. When the simplifying assump­
tions used in deriving Equation (52) are examined, however, 
* 2 it will be seen that the dependence of D on n is only 
3 2 
expected to be approximate. The first assumption, that a^ 
is virtually constant with n^„ is valid. In fact, over the 
^ 2 
range of n^p in the study, the variation in a^ would 
^ —On 
introduce an additive factor on the order of 10 into the 
K terms of Equation (52). The second assumption, that no 
association of defects occurs, is clearly not valid. The 
defect cluster arguments in the previous section indicate 
that all defects are not independent of one another. The 
fraction of cation vacancies that are not completely free 
to take part in the diffusion process (because they are not 
110 
free to move away from sites) is not known. This fraction 
almost certainly will be a function of dopant level, which 
would introduce an additional preexponential term in 
Equation (51). It is also likely that, at a given dopant 
level, the fraction of free vacancies will change with 
temperature which would introduce an additional energy term 
in the exponential portion of Equation (51). Finally, the 
assumption that enthalpy and entropy terms in Equation (51) 
are independent of n^p is certainly not correct. It has 
already been shown in the previous section that the activa­
tion energy for cation diffusion decreases with increasing 
n . While it was argued that variations in AHm may account 
for the changes in Q, there is no reason to believe that terms 
such as AH^p and AH^ as well as the entropy terms are not 
also functions of n,^„ . The simple fact is that there is 
3 
no information available on the way these energy terms may 
vary with dopant level. For these reasons, the seeming 
* 2 linear dependence of D on n^^ at constant temperature can 
3 
be taken only as approximate. 
King and Moreman (12) measured the diffusion of ^^Ca 
in single crystals of CaFg + 0.34 mole% YF^ using a precision 
sectioning technique. The effect of YF^, as expected was 
to increase the calcium self-diffusion coefficient above 
that for undoped material, at least at temperatures below 
Ill 
950°C. However, the magnitude of the increase was much 
smaller than they expected for a single vacancy diffusion 
mechanism unless a binding energy between and cation 
vacancy of >0.6 eV was assumed. 
At this point a comparison can be made between the 
results of this study in doped CaF2 with self-diffusion 
studies in the structurally analogous material 002+^" Not 
only do CaFg and UO2 have the same structure, but the incor­
poration of YF^ into CaF2 (Equation (6)) is analogous to the 
view that hyperstoichiometric U02+^ can be hypothesised 
(Reference 68, p. 146) as UO2 into which U20^ has been 
incorporated according to 
U2O5 = 2Uy(V) + 40q + O^" (53) 
which involves substitutional cations (U(V) for U(IV) analogous 
to Y(III) for Ca (II) ) and interstitial anions to maintain 
neutrality. The analogy shows that x in the subscript 
is numerically equivalent to the mole fraction YF^ 
in CaFg (i.e., to nyp /lOO). The only difference in these 
analogous materials is that in the oxide there is one oxygen 
interstitial for every two substitutional u"''^ cation whereas 
in the fluoride there is one fluorine interstitial for every 
substitutional Y^"*" cation. Both materials show the 2:2:2 
type of defect cluster, reported by Willis (18,19) in U02+^ 
and by Cheetham, et (3) for YF^-doped CaF2. It has 
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been postulated (3,67) that the 2:2:2 defect cluster may 
be a general characteristic of anion excess fluorite struc­
ture materials. 
In view of the striking structural similarities between 
and YF^-doped CaF2, it is expected that a similar 
dependence on "dopant" level may be found for the cation 
self-diffusion coefficients in the two materials. This is 
indeed the case. Matzke (70) conducted two studies of U 
self-diffusion in U0_. . The first study showed D to 2+x u 
increase with increasing x; for example, at 1500°C, 
log = -10.85 + 1.5 log x 
or 
= 10-10-85 ^1.5 (54) 
Matzke compared his results with the work of others in a 
plot given here as Figure 28 which includes a curve (dashed 
line) taken from Marin, et al. (71) who described their data 
by 
= 10"^°"® x^'9 cm^/s (55) 
Using simple unassociated defect arguments similar to those 
used in this study for YF^-doped CaFg, Matzke (70) predicted 
2 that should vary as x . In both cases. Equations (54) 
and (55), the factor on x is close to, but below 2. 
Matzke (70) took this as a reasonable confirmation of the 
defect model. Hawkins and Alcock (72) also found an increase 
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(Reproduced from Reference 70.) 
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in with increasing x, but had considerable scatter in 
their data. 
Matzke (49) summarized his second study, which included 
the measurement of plutonium self-diffusion coefficients 
in (U,Pu)02_x as well as measurements of in shown 
here in Figure 29 by stating that D increases roughly pro-
2 portional to x in hyperstoichiometric material. 
In a related study. Seltzer, et al. (73) found that 
increasing the oxygen:metal ratio in (which amounts 
to increasing x) causes an increase in creep rate at fixed 
temperature and stress level (Figure 30). These results 
are similar to those shown in Figure 27 and Table 16 of the 
present study in the sense that calcium diffusion coefficient 
increases with mole percent YF^ at a fixed temperature. 
The compositional dependence of creep activation energy Ec(x) 
found by Seltzer, et (73) is shown in Figure 31. These 
results are similar to those given in Figure 20 and repre­
sented by Equation (35) of the present study showing that 
activation energy of calcium diffusion decreases with 
increasing mole% YF^. 
A direct analogy exists between the dependence of 
diffusional creep rate (ê) on the stoichiometric parameter (x) 
in U02+^ and the dependence of the calcium diffusion coef­
ficient (Dq^ ) on mole% YF^fn^p ). it has been shown earlier 
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Figure 30. Steady-state creep rate vs. applied stress for 
polycrystalline UO2+X tested in compression at 
1100 and 1300°C. (From Reference 73.) 
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Figure 31. Activation energies for compression creep of 
UOz+x O ' single crystals, q , polycrystals, 
27-ym grains, enriched. +, A, polycrystals, 
7-iam grains. x, V, polycrystals, 4- to 35-ym 
grains, k, polycrystals, 6-ym grains, in bending. 
(From Reference 73.) 
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in this section that stoichiometric parameter x, in 
is numerically analogous to mole fraction YF^ (i.e., 
n^t. /lOO) in CaF_. Olander (68, p. 354) has shown that 
YF3 2 
® diff " p- ^ "tr' '56a) 
and 
Œ a^x^ exp > c^r^ (56b) 
where 
- creep-rate for Nabarro-Herring diffusional creep 
= creep rate for dislocation climb creep 
a = stress 
= transition stress 
n = power exponent 
d = grain size 
Ec(x) = composition dependent creep activation energy 
k = Boltzmann constant 
T = absolute temperature 
Olander (68, p. 354-356), using simple unassociated defect 
arguments similar to those used in this study, arrived at 
the following relationships for creep rates in 
For a < 
* 
^diff " ^  ^ (for X -»• 0) (57a) 
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and 
* 
2 £„+£ -2e 
êdiff = exp ( ^ ) (for x -+ large) (57b) 
d 
For a > 
* 
exp (- ——^ —i^) (for x -> 0) (58a) 
and * 
J ^e~2£„^+E . 
^dc ^ ^  exp (- '^—^) (for x ^ large) (58b) 
where 
* 
£y = Enthalpy of motion of uranium ion 
Eg = Enthalpy of formation of Schottky trio 
£pQ = Enthalpy of formation of anion-Frenkel pair 
E._ = Energy for dislocation climb. ]og 
Comparing these equations with Equation (51) of the present 
study shows a striking similarity. The temperature-dependent 
exponential term of Equation (51) is qualitatively similar 
to exponential term of Equation (57b) indicating that the 
activation energy of diffusion for the slowest moving species 
is the same as the activation energy for diffusional creep. 
Also, a comparison between Equations (51) and (57b) shows 
that the dependence of e on x^ is similar to the dependence 
of on 
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Thus, by analogy, the studies of uranium self-diffusion 
by Matzke (49,70) and the creep rate measurements by Seltzer, 
et al. (73) in directly support the results of the 
present study of calcium self-diffusion in YF^-doped CaF2-
In both diffusion measurement studies, Matzke (49,70) 
2 found that varied roughly (not exactly) with x . Neither 
of these studies presented temperature-dependence data to 
supplement compositional data and therefore were unable to 
explain why the exponent on x was not exactly equal to 2. 
The present study has information on both the compositional 
and the temperature dependence of in YF^-doped CaF2, 
and can therefore better explain the deviation from a simple 
square dependence of diffusion coefficient on composition. 
The data presented here show that two of the three assump­
tions made in developing a simple defect argument for the 
probable effect of composition on (Equations (51) and 
(52)) are not valid; i.e., there apparently some associa­
tion of defects, and at least the enthalpy terms (and perhaps 
the entropy terms) in Equation (51) apparently ^  change 
with composition. Thus a simple square dependence of D at 
constant temperature can only be approximate in YF^-doped 
CaFg and probably also in the analogous system as 
reported by Matzke (49,70) and Marin, ^  (71). In the absence 
of quantitative information on the composition-dependence 
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of the enthalpy terms in Equation (51), or on the degree 
I I  
of association of with other defects, no further mean­
ingful analysis of the dependence of on n^^ can be made. 
Discussion of Y tracer self-diffusion coefficients 
Composition dependence The yttrium tracer self-
diffusion coefficients are shown in Tables 11, 12 and 13 
under the heading "Measured Values". The values of diffusion 
coefficients listed under "Temperature Corrected Values" are 
generated values for a temperature slightly different than 
that of the actual diffusion anneal. The necessity of and 
procedure for generating these temperature corrected values 
are described previously. 
Assuming that Y diffuses via a cation vacancy jump 
mechanism, the arguments used in deriving Equations (51) and 
2 * (52) predict an approximate n dependence of at a 
fixed temperature. Plotting the Y tracer self-diffusion 
coefficients in Tables 11, 12, and 13 (including the use of 
2 temperature corrected values where necessary) against n 
^^3 
at temperatures of 1033°, 1087°, 1127° and 1178°C yields 
the relationships shown in Figure 32. Least squares fits 
* 2 
of Dy to n at each temperature yield the relationships 
in Table 17 and the lines drawn in Figure 32. The values 
* 
of determined at n^p = 0 are not included in the least 
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2 Figure 32. versus n for yttrium diffusion. 
122a 
A Indicates point corrected 
for temperature 
• Point not included in least 
square fit 
Dv, I087*C 
1033° C 
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(Mole Per Cent YF-i)^ 
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Indicates point corrected 
for temperature 
o 
CVJ 
o 60x10 
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(Mole Per Cent YFg)^ 
Figure 32 continued 
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* 2 Table 17. Least squares relationships between D and n 
* 2 Temperature, ®C D^, cm /s 
1 0 3 3 ° c "  
* 
D =  8 .  4 4  X 10-" + ( 1 . 5 1 ± 0  . 1 6 )  X 10-13n2 
YF 
1 0 8 7 ° C  
* 
D =  4 .  4 1  X 10"^^ + ( 4 . 1 3 ± 0  . 1 0 )  X 
1 1 2 7 ° C  
* 
D =  1 .  9 8  X IQ-ll + { 5 . 1 9 ± 0  . 4 4 )  X 10-13n2 
YF 
1 1 7 8 ° C  
* 
D =  4 .  6 8  X 
1—( f—1 1 0
 
1 —1 
+ ( 1 . 4 1 + 0  . 1 9 )  X 
'Because of lack of sufficient Dy data at higher YF3 
dopant level at this temperature, value of D* at 0 mole% YF^ 
are included in calculating the relationship. 
squares fits since these would not be expected to follow 
the defect model which assumes impurity domination of elec­
trical neutrality. The plots in Figure 32 are not a test of 
2 * the n^„ dependence of D.. because only two compositions are 
^^3 2 
represented. In any case, the dependence is expected 
^3 
only to be approximate because of the composition dependence 
of the activation energy and the probable association of 
defects (see next section) . 
Temperature dependence Arrhenius plots of the results 
* 
for Dy in CaFg at constant compositions are given in 
Figure 33. The constants derived by least squares fitting 
are summarized in Table 18. The uncertainties represent 
the 95% confidence interval on the coefficients for the 
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Figure 33. Arrhenius plots of yttrium diffusion coefficients. 
o Pure C0F2 I 
0 3.79 mole % YF3 doped CoF^ -
X 9.91 mole % YF3 doped Cof^ " 
® Indicates point not contained in 
least square fit. " 
Table 18. Results for Y-tracer self-diffusion coefficient 
Composition * 2 , D„/ cm /sec References 
Pure CaF, 
CaFg/S.Vg mole % YF^ 
Pure CaF, 
•k 
= 
* 
CaFg/S.Sl mole % YF^ = 
(1.57+0;2g)xlo4 exp -(4.21±0a6. eV^ 
(1.92^^;19)xlo2 exp -(3.58±0.^12 eV^ 
2.71±0.29 eV 
Y 
* 
D„ = 
(4.63+l'29)xio-l exp -( kT 
(5.87+;26)xiol exp -(3.63±.^08 eV^ 
Present study 
Present study 
) Present study 
Calculated from 
Visser, et al. 
(Reference 42) at 
0 mole % YF,, 
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* 
regression of S-nD on 1/T. Similar to the calcium diffusion 
coefficient results. Table 18 and Figure 33 show that both 
and Q decrease with increasing n . 
3 
In a related study. Visser, et (42) (see Section III) 
estimated the yttrium diffusion coefficient in essentially 
pure CaFg (n^p = 0) from interdiffusion data in the 
CaFg - YF^ system to be 
Dy = (5.87+g;2G) X 10^ exp -(3.63±0,.08 eV^ ^ ^2^^ (30) 
The yttrium tracer self-diffusion coefficients in pure CaFg 
from the present study yield 
D* = (1.572%;ig) X 10^ exp - (i^21±|^]^-®Y) cm^s (59) 
Both the preexponential factor and the activation energy 
are lower for the estimated results (Equation (30)) than for 
the measured values from the present study (Equation (59)). 
Estimated yttrium diffusion coefficients calculated from 
Equation (30) are compared to measured values of yttrium 
tracer self-diffusion coefficients from the present study in 
Table 19. The values estimated from interdiffusion data are 
approximately 50% of the measured values. This may repre­
sent an incorrect estimate of the activity coefficient term 
in the relationship between interdiffusion coefficient and 
self-diffusion coefficient (see Section III), Equations (28) 
and (29). 
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Table 19. in Pure CaFg; tracer results and values esti­
mated from interdiffusion coefficients 
Temperature, Measured in present predicted by Visser, 
°C study cm^/sec et al. (42) cm^/sec 
1033 9.15 7.73 
X 
X 5.76 X 
10-13 
1087 5.19 3.85 
X 
X 2.07 X 
10-12 
1127 1.17 1.09 
X 
X 
1—1 
r—
{ 
rH 
rH 
1 
1 
O
 O
 
1—1 
1—1 5.02 X 
CM t—i 1 O
 
H
 
1178 3.42 X 10-11 1.45 X 10-11 
The activation energies for each composition from 
Table 18 are plotted as a function of composition in 
Figure 34. A linear least squares fit of the plot versus 
rv yielded 
^^3 
Qy = 4.184 - (0.150±0.004),eV (60) 
where n^p is mole% YF^- The limits on the slope are calcu­
lated from the 95% confidence interval on the regression 
coefficient for the fit. 
Arguments based on the modifications of the structure 
and the constriction sizes for cation jumps similar to those 
already made previously can be used to rationalize the 
decrease in activation energy for Y diffusion with increasing 
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Figure 34. Activation energy versus mole percent YF, 
relationship for yttrium diffusion. 
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dopant concentration. Using the value of 1.155A for the 
radius of 8-fold coordinated (66) , the relative constric-
+2 
tion sizes listed for Ca ions for various jump paths in 
Table 15 can be converted to relative constriction sizes 
+3 +2 for y jumps by multiplying by the factor (radius of Ca / 
radius of Y^^) = (1.260A/1.155A) = 1.091. Table 20 shows 
+2 +3 
relative constriction sizes for both Ca and Y ions for 
the jump paths diagramed in Figure 26. The conclusions for 
+3 +2 Y diffusion are the same as for Ca diffusion; i.e., in 
YFg-doped CaFgf there can be found jump paths through the 
defect clusters which are less constricted than the jump 
paths (type 6 jump) in undoped material. In addition, the 
addition of YF^ expands the unit cell of CaFg, so that all 
of these constrictions are gradually enlarged as YF^ content 
increases. Thus the energy of motion for y"*"^ is expected 
to decrease as n increases, and this will most probably 
3 
cause a decrease in the activation energy for yttrium 
diffusion, as is observed. 
Comparison of Ca and Y diffusion in pure and doped CaFg 
The activation energies for Ca diffusion (Q ) and Y 
diffusion (Q^) as a function of YF^ content are compared in 
* * 
Figure 35. The magnitudes of and as a function of 
Table 20. Comparison between anion constriction sizes for Ca^^ and diffusion 
jumps in YF^-doped CaFg 
Jump Cation Anion Constriction(s) Size of Constriction/ 
Type Jump Size of Diffusing Cation 
1 X Y _a a-c-f 0.2180 0.2378 
2 X -> Y (I) a-b-c followed by 
(II) a-h-d-c 
(non coplanar) 
(I) 0.6535 
(II) diagonal a-d- 0.5960 
diagonal h-c 0.0750 
(I) 0.7129 
(II) diagonal a-d 
0.6502 
diagonal h-c 
0.0818 
3 X Y (I) a-b-c followed by 
(II) a-d-c 
(I) 0.6535 
(II) 0.6465 
(I) 0.7129 
(II) 0.7053 
4 X ->• Z (I) a-b-c followed by 
(II) b-d-c 
(I) 0.6535 
(II) 0.6705 
(I) 0.7129 
(II) 0.7315 
5 a-b-d 0.8518 0.9292 
6 square array of anions 
in pure CaFg 
0.6461 0.7048 
7 anion cube edge in 
pure CaFg 
0.1849 0.2017 
^Position f is an anion position equivalent to b but in the cell below the one 
shown. 
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Figure 35. Comparison between activation energies of calcium 
and yttrium diffusion in pure and YF^ doped CaF2« 
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composition at fixed temperatures^ are shown in Figure 36. 
Inspection of these two figures reveals the following 
general features: 
1. The activation energy for Y diffusion is slightly 
higher than for Ca diffusion at very low n , but at 
*^3 
most dopant levels, < ^ca* 
2. The activation energies for both Ca and Y diffusion 
decrease with increasing n^ . 
3. At all temperatures and at all dopant levels 
although both increase approximately linearly with 
2 * * 
n . However, in pure material, = D^. (Note: ïr 2 La X 
The data points for pure material are not included in 
the straight-line fits of Figure 36 because the defect 
structures for pure and doped materials involve differ­
ent electrical neutrality conditions.) 
A unified view of the cation diffusion process occurring in 
this material must be able to explain, at least qualitatively, 
all of these results. In order to explain the activation 
energy relationships observed, it is necessary to restate 
several facts regarding the nature of the defect structure 
^Since Ca and Y diffusion measurements were made at 
different temperatures, but at the same dopant levels, the 
curves in Figure 36 are calculated for the temperatures 
1033°, 1080°, 1130° and 1180° using the Arrhenius relation­
ship given in the previous section. 
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Figure 36. Comparison of D* and D* as a function of 
composition at fixed temperatures. 
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Figure 36 continued 
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of pure and rare-earth doped CaF^. In pure material, the 
predominant defects are anion-Frenkel, thus insuring the 
presence of F^'. There is ample evidence that trivalent 
rare-earth ions occupy normal cation sites in this structure. 
There is also strong evidence that, at least at temperatures 
below 1200°C, defect pairs of the type (Y^^,F^') are found 
at dopant levels below 1%. The probable geometry of this 
defect pair is indicated in Figure 37, Reference 74. In more 
heavily doped materials, Willis-type anion defect clusters form. 
In nearly pure material, when Y is present only at tracer 
level concentrations. Figure 37 can be used to explore the 
types of jumps possible for Ca ions and Y ions. In Figure 37, 
a vacant cation site is shown; the substitutional Y with its 
associated F. ' as well as the Ca ion shown are both adjacent 
X 
to the vacant site and can jump into it. In order for the Y 
ion to move to the vacant site, two different two-jump path­
ways are available. One pathway involves an initial jump 
into the anion cube above the vacancy followed by a jump 
into the vacant site. The second pathway involves a jump 
into the anion cube "behind" the vacancy followed by a jump 
into the vacant site. These are both type 6 jumps as 
described previously. The first pathway would require the 
yttrium ion to force its way through (or near to) the inter­
stitial position occupied by its own companion F^ ' . This would 
o 
o 
o 
© 
II 
'Ca 
FLUORINE 
CALCIUM 
YTTRIUM ON 
CALCIUM 
FLUORINE AT 
INTERSTITIAL 
LOCATION 
VACANT 
CALCIUM SITE 
Figure 37 
H 
W in 
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involve a large energy of motion. The second pathway would 
be a partially-dissociative jump, since the intermediate 
posiiton ("behind" the vacancy) represents an increase in the 
Y -F.' distance compared to the starting (and final) 
positions. This would require a dissociation energy to 
accompany the energy of motion. On the other hand, the Ca can 
follow the type 5 jump path with an intermediate position 
below its starting position that is not crowded by an inter­
stitial anion (and, of course, no dissociation is required 
since the Ca_ is not associated with the F.' in the first L.3. X 
place). Thus, even though the Y ion is smaller than the Ca 
O O 
ion (radii of 1.155A and 1.26A, respectively), the particular 
geometry introduced by the associated cluster (Y ,F-') can 
readily explain the observation that in nearly pure 
material. 
At higher dopant levels, Willis clusters form, with 
their more open cation jump constrictions (see Figure 26 
and Table 20). More and more cations find themselves adjacent 
to such clusters and the geometry of Figure 37 is no longer 
a valid representation. The clusters offer jump paths that 
are even less constrictive than the type 6 jump and conse­
quently, instead of impeding jumps by crowding the inter­
mediate sites, the interstitial anions actually lower the 
energy required to jump. As doping continues, an ever greater 
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fraction of cations are adjacent to clusters which, due to 
dilating effect of dopant on the lattice parameter, are 
getting more and more open. Thus both Q values decrease 
with increasing dopant. Now, the question of crowding is 
no longer pertinent, and the smaller Y ion should have a 
smaller energy of motion than the Ca ion, and as 
observed. 
* * 
With the exception of pure material, where 
* * 
the magnitude of is always lower than at all tempera­
tures and all compositions. This may at first seem anomalous, 
since at most compositions, and smaller activation 
energies are usually associated with more rapid diffusion. 
This seems even more anomalous since both types of ions are 
apparently diffusing by cation vacancy jumps, and the pre-
exponential term in Equation (51) has been tacitly assumed 
to be the same for both.^ 
* 
A possible explanation of the lower magnitude of 
* . (than D^^) may lie in probable correlation of successive 
jumps. In order to see why this is so, it is necessary to 
give a brief description of the nature of correlated jumps. 
^Although there is certainly a possibility that the 
entropy of the saddlepoint configuration, ASm in Equation (51) 
will be different for Ca and Y jumps. 
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After a specific atom has jumped into a vacancy that has 
wandered onto an adjacent site, thereby displacing the 
vacancy to the site formerly occupied by the atom, the 
probability of the next vacancy jump being to any one of 
its nearest neighbor atom sites is usually taken as being 
the same for all sites. This is tantamount to saying that 
succeeding vacancy jumps are random with respect to direction, 
i.e., the vacancy is undergoing a random walk process. One 
of these equally-probable nearest neighbor sites for the next 
vacancy jump is occupied by the specific atom that has just 
jumped. Thus, there is more than an even chance that the 
next atom jump will be right back to its original position.^ 
This means that, on the average, successive atom jumps are 
not random in direction, but rather are biased somewhat in 
the reverse direction. Such an effect is called correlation, 
and the atom is undergoing a correlated walk rather than a 
random walk. Given the random nature of the vacancy jump 
process, the fraction of the times that the next atom jump 
will be in the reverse direction is calculable. Opposite 
jumps, of course, offset each other so that the net displace­
ment of the atom after many jumps will be less for correlated 
^This is because the atom can only jump to a site 
occupied by a vacancy, and therefore cannot jump to any other 
site than the one it just left unless another vacancy 
approaches it from a different direction. 
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jumping than for random jumping. The ratio, after a large 
number of atomic jumps, of the net displacement of atoms 
undergoing correlated jumps to the net displacement of atoms 
undergoing random jumps is called the correlation factor f. 
Provided that vacancy jumps are always random, f can be 
readily calculated from the number and arrangement of 
nearest neighbor sites. In an fee arrangement of sites, 
such as is found for cation sites in the fluorite structure, 
the correlation factor is 0.781. This is the origin of the 
numerical factor in the pre-exponential term of Equation (51), 
where it appears as a simple multiplying factor to correct 
for the predictions of random walk on which Equation (51) 
is based (see development beginning with Equation (12)). It 
is expected that this factor is the appropriate one for Ca 
diffusion since there is no coulombic interaction between 
Ca^^ and to cause the motion of the latter to deviate 
from a random succession of jumps. 
Consider now the jumping of substitutional yttrium ions 
. " (Y ) into adjacent cation vacancies (V_^). Because of the C3. 
opposite charges on these two point defects, there will be 
a difinite coulombic attraction between them tending to keep 
them adjacent to one another. Thus, once a vacancy has 
wandered to a site adjacent to a yttrium ion, the subsequent 
movements of the vacancy are not likely to follow a random 
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jlamping sequence. The next jump for a adjacent to a 
will not be equally probable to any adjacent site, but 
rather, in order to avoid dissociation of the charged pair, 
will most likely be to the site occupied by the Y^^. Then 
being still adjacent to the Y^^, the most probable next 
jump for the vacancy will be again to interchange with the 
Y* , bringing both back to their original positions. Od. 
" 
Multiple interchanges of position between the Y^^ and 
are thus probable. If the vacancy jumps away from the Y^^ 
on a given jump, coulombic attraction, although somewhat 
weakened, will bias the vacancy jump direction back toward 
the Y^^ setting the stage for multiple interchanges again. 
In this way, many offsetting jumps of the Y^^ are likely to 
11 
take place before the successfully moves away from the 
Y , perhaps leaving it on the same site as it occupied when 
the vacancy first arrived. Obviously this situation represents 
a very highly correlated jumping process for the Y^^ which 
would lead to a correlation factor considerably smaller than 
the 0.781 appropriate for Ca ion jumps.^ It is not possible 
1 " The fact that a given will spend a significant time 
"attached" to a Y^g^ effectively reduces the concentration of 
V^a that are capable of contributing to Ca diffusion as well 
as to Y diffusion. Thus both coefficients would be lowered 
relative to the predictions of Equation (51). The correlation 
effect is in addition to this reduction. 
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to calculate the magnitude of this correlation factor because 
the jump probabilities of the vacancy to its surrounding 
sites are not known. Nevertheless, the correlation coef-
* * 
ficient will unquestionably be smaller for than for 
and, other factors in Equation (51) being equal, this will 
* * 
result in < D as observed. The smaller pre-exponential 
factor in Equation (51) brought about by correlation for 
yttrium diffusion should be reflected in smaller values 
* * 
for Dy than for at a given composition, as well as smaller 
2 * 
slopes of D vs. n at constant temperature for than 
* ^ 
for D . These inequalities are seen to be borne out by 
inspection of Tables 21 and 22. It should be reiterated 
that differences in ASm for the two ion jumps well also 
contribute to inqualities in and composition dependence. 
Table 21, Comparison of from Arrhenius relationships 
Composition Do' Ca 
CaF2/2.01 mole % YF^ (2.48^^;9^) X 10* 
CaFg/S.yg mole % YF^ (7-35-1:04) X 10^ (1.92^^;19) X 10^ 
CaFg/V.SS mole % YF^ (2.34:g;24) X 102 
CaFg/G.gi mole % YF^ X 10^ (4.63:ï;79) X 10-1 
2 Table 22. Slopes of D| VS n at constant temperature 
2 2 Temperature, °C Slope, cm /sec-(mole % YF^) 
1033°C Ca: (5.51 ± 0.48) X 10"^^ 
Y; (1.57 ± 0.18) X 10~^^ 
1080°C Ca: (1.42 + 0.16) X 10-12 
Y: (3.38 ± 0.23) X 10-13 
1130°C Ca : (3.60 + 0.21) X io"i2 
Y: (7.00 + 0.36) X 10"^^ 
1180°C Ca : (8.44 + 0.34) X 10-12 
Y: (1.32 i 0.08) X 10-12 
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SECTION VI. CONCLUSIONS 
Incorporation of YF^ into CaFg is confirmed to take place 
by direct substitution of yttrium for calcium accompanied 
by a fluorine interstitial for charge compensation. 
* * 
Both Dy and increase approximately linearly with 
2 
nvc at constant temperature up to 9.91 mol % YF?, at 
YF3 
temperatures between 960 and 1202°C. At all dopant 
* * 
levels investigated at a given temperature, 
a result that can be explained on the basis of highly 
correlated jumps for yttrium diffusion. This also 
explains the lower values and the lower slope of the 
* 2  *  *  
"yf curves for than for 
The activation energies for both yttrium and calcium 
diffusion decreased with increasing dopant level. This 
can be explained by the larger anion constriction 
resulting from the formation of Willis clusters in ever 
greater numbers combined with the gradual expansion of 
the structure by the addition of YF^ in greater amounts. 
* * 
The activation energy for Dy is greater than for in 
nearly pure CaFg. This is probably because of the asso­
ciation of Y^^ with F^' at very low dopant levels (nearly 
pure materials) which requires the yttrium to follow a 
crowded (high energy of motion) path to an adjacent 
vacant site, or, alternatively to make a dissociative 
(high energy) jump. 
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* 
5. Above about 1 mol % YF^, the activation energy for 
* 
is lower than for at all dopant levels. This may 
be explained with the formation of Willis clusters which 
break up the simple (Y^^yF^') complexes and allow the 
ionic radii to be the main considerations in energies 
of motion. The radius of y"*"^ being smaller than the 
+2 
radius of Ca allows it to move through a given sized 
constriction with less energy. 
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APPENDIX A. PENETRATION PLOTS FOR AND 
DIFFUSION IN SINGLE CRYSTALS OF 
CaFg-YF] SOLID SOLUTION 
Figure Al. Penetration plots for calcium diffusion in CaF2/2.01 mole % YF^ 
crystals. 
For specimen (1100,2A) units of A and H are counts per 300 sec 
and ym respectively. For all other specimens, units of A and 
a are counts per 600 sec and ym respectively. 
Number in parentheses refers to specimen reported in Table 7. 
• indicates point dropped in final least squares fit. 
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Figure A2. Penetration plots for calcium diffusion in CaF./S.VS mole % YF^ 
crystals. 
For specimen (1100,4A) units of A and I are counts per 120 sec 
and )jm respectively. 
For all other specimens, units of A and % are counts per 600 sec 
and ym respectively. 
Number in parentheses refers to specimen reported in Table 8. 
• indicates point dropped in final least squares fit. 
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Figure A3. Penetration plots for calcium diffusion in CaP_/7.85 mole % YF? 
crystals. 
For specimen (P) units of A and i are counts per 360 sec and 
ym respectively. 
For ail other specimens, units of A and IL are counts per 600 sec 
and ym respectively. 
Numbers in parentheses refers to specimen reported in Table 9. 
• indicates point dropped in final least squares fit. 
For specimen P, Pj represents the actual profile whereas Pjj is 
a profile corrected for pipe diffusion effects. 
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Figure A4. Penetration plots for calcium diffusion in 
CaFg/S.gi mole % YF^ crystals. 
Units of A and I for all specimens are counts 
per 600 sec and ym respectively. 
Numbers in parentheses refer to specimens 
reported in Table 10. 
• indicates point dropped in final least 
squares fit. 
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Figure A5. Penetration plots for yttrium diffusion in pure CaFg single crystals. 
For specimen (S) and specimen (T) units of A and Si are counts 
per 500 sec and pm respectively. 
For all other specimens units of A and Z are counts per 
1000 sec and pm respectively. 
Number in parentheses refers to specimen reported in Table 11. 
• indicates point dropped in final least squares fit. 
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Figure A6. Penetration plots for yttrium diffusion in CaFg/S.VS mole % YF^ 
crystals. 
For specimen (C) units of A and % are counts per 500 sec 
and ym respectively. 
For all other specimens units of A and & are counts per 
1000 sec and ym respectively. 
Numbers in parentheses refer to specimen reported in Table 12. 
• indicates point dropped in final least squares fit. 
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Figure A l .  Penetration plots for yttrium diffusion in CaF./S.gi mole % YF^ 
crystals. 
For specimen (A) and specimen (B) units of A and i are counts 
per 500 sec and pm respectively. 
For ail other specimens units of A and 2, are counts per 
1000 sec and pm respectively. 
Numbers in parentheses refer to specimen reported in Table 13. 
• indicates point dropped in final least squares fit. 
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APPENDIX B. PROCEDURE FOR CALCULATING CONSTRICTION 
SIZE FOR CATION DIFFUSION IN PURE AND 
YF^ DOPED CaFg CRYSTALS 
200 
The size of constrictions between anion groups can be 
calculated from the relative anion positions and the anion 
and cation radii, assuming the ions to behave as hard spheres 
and that no relaxation occurs in anion positions during a 
cation jump. All calculations are referred to in Figure B-1. 
The ionic radii employed (66) are: 
-1 ° 
F (4-fold coordination) 1.17A 
Ca"*"^ (8-fold coordination) 1.26A 
which give a calculated lattice parameter for pure CaFg of 
a = 5.6118A 
o 
Using Figure B-1, the positions of various ions can be 
tabulated in terms of fractional values of a^ with respect 
to the origin shown. This is done in Table B-1. 
The distances between two ions at positions (Xj^,Y^,Zj^) 
and {X2r'^2'^2^ can be calculated as 
Distance = 
Thus, the ion separation distances in Table B-2 may be 
calculated. 
The radius of the opening in a triangular constriction 
is calculated in the following manner (refer to Figure B-2). 
constriction radius (rcon) = radius of circumscribed 
circle" (R) minus the radius of an anion (r,) 
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Figure Bl. Defect complex in YFg doped CaFg. 
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Table B-1. Positions of ions in terms of a^ (Figure B-1) 
Coordinates 
Ion X Y Z 
Position 
a 1/2 7/8 1/8 
h 1/2 5/8 3/8 
d 3/4 1/4 1/4 
c 7/8 5/8 1/8 
b 3/4 3/4 3/4 
g 3/4 1/4 3/4 
f 3/4 3/4 -1/4 
m 3/4 3/4 1/4 
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Table B-2. Ion separation distances in fractional a^ units 
Ion-Pair Separation Distance, a^ 
a-b .6846 
b-c .6495 
a-c .4507 
a-h . 3536 
h-d .4677 
d-c .4146 
a-d .6846 
h-c .4507 
b-g .5000 
g-d .5000 
b-d .7071 
g-c .7395 
c-f .4146 
a-f .4677 
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con 
Figure B-2. Geometrical arrangement showing radius of 
opening in a triangular constriction. 
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The radius of the circumscribed circle for a triangle of side 
lengths A, B and C is 
R = ^ 
/4 S(S-A) (S-B) (S-C) 
where 
^ _ A+B+C 
^ 2 
Thus, the constriction radii (or diameters) for anion 
groups in terms of fractional cation size can be calculated 
and are presented in Table B-3. 
Table B-3. Constriction size for anion groups in terras of 
fractional cation size 
Anion Group Constriction Size 
a-b-c .6535 
a-c-f .2180 
b—d—c .6705 
a—d—c .6465 
a-d-b .8518 
b-g-d-m .6461 
b-m .1849 
